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ABSTRACT. 
This work i s mainly directed towards problems of ground s t a b i l i t y 
and ground deformations caused by tunnelling and deep excavation m clay. 
The pa r t i c u l a r question of surface settlement associated with soft 
ground tunnelling has been c r i t i c a l l y examined. Derivation of semi-
empirical relationships has f a c i l i t a t e d settlement prediction. 
A detailed analysis has been carried out on the results of an 
extensive research programme of m - s i t u measurements aimed at determining 
ground movements created by 
a) hand excavation of a k-1^6m diameter shield-driven tunnel at a depth 
of 29.3m below ground surface,and 
b) the excavation of a 6.1m long, 0.8m wide and 15m deep bentonite 
slurry-supported diaphragm w a l l . 
Both engineering structures were situated i n the s t i f f fissured, over-
consolidated London Clay. 
The stress-strain regime around the tunnel and behind the diaphragm 
wall was examined, and a t h e o r e t i c a l analysis was attempted m order to 
provide an explanation for the actual performance of both structures during 
the early stages of construction. 
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Y1 (middle) and Z1 ( r i g h t ) . After ATTEWELL and FARMER 
(1972). 
FIG. i f . i f . i f . (above) The maximum rate of settlement as a function of 
depth for boreholes X1, Y1, Z1. 
FIG. 4-4-5- (below) Schematic concept ( q u a l i t a t i v e ) of ground move-
ment ahead of a tunnel shield. After BARTLETT and 
BUBBERS (1970). 
FIG. if- k -6. Ground deformation m a v e r t i c a l plane along the tunnel 
axis. Tunnel face 10m behind Z1 ( r i g h t hand side) and 
at Z1 ( l e f t hand side). 
FIG. if. if.7. Ground deformation i n a v e r t i c a l plane along the tunnel 
axis. Tunnel face at Y1 ( r i g h t hand side) and at X1 
( l e f t hand side). 
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FIG. 4«4.8. Ground deformation i n a v e r t i c a l plane along the tunnel 
axis. Tunnel face approximately 6m ahead of X1 ( r i g h t 
hand side) and 17m ahead of X1 ( l e f t hand side). 
FIG. 4»4-9- Ground deformation at r i g h t angles to the tunnel axis 
The l e f t hand side i l l u s t r a t e s the scaled layout of 
boreholes with the exact position of magnetic rings. 
Right hand side shows the state of ground disturbance 
when the face i s 5 to 10 metres behind the cross-section. 
FIG. 4»4«10. Ground deformation at r i g h t angles to the tunnel axis. 
Tunnel face at the cross-section ( l e f t hand side) and 10 
metres ahead of the cross-section ( r i g h t hand side). 
FIG. 4-4.11 • Ground deformation at r i g h t angles to the tunnel axis. 
Tunnel face 20 metres ahead of the cross-section ( r i g h t 
hand side) and 30 metres ahead of the cross-section ( l e f t 
hand side). 
FIG. 5-3-1- Effective ( l e f t hand side) and t o t a l ( r i g h t hand side) shear 
strength parameters for London clay. 
FIG. 5-4-1- Stress-strain relationships for 38mm diameter specimens 
subject to undramed t r i a x i a l t e s ts. Deviator stress 
applied p a r a l l e l to the beddmg. 
FIG. 5-4.2. Stress-strain relationships for 38mm diameter specimens 
(London clay) subject to undramed t r i a x i a l t e s ts. 
Deviator stress applied normal to the bedding. 
FIG. 5-4-3- Results for undramed t r i a x i a l tests on 38mm diameter 
specimens (London cla y ) . Above deviator stress applied 
p a r a l l e l to the bedding, below normal to i t . 
FIG. 5.4.4- Relationship between the p r i n c i p a l stress r a t i o a^/a^ 
and the s t r a i n for 38mm diameter specimens of London clay 
subjected to UU t n a x i a l t e s t s . 
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FIG. 5-5-1« Variatxon of Poisson's r a t i o with v e r t i c a l and h o r i -
zontal s t r a i n , during UU t r i a x i a l tests on 38mm diameter 
specimens of London clay. 
FIG. 5«5-2. Variation of Poisson's r a t i o with the p r i n c i p a l stress 
r a t i o aj/a^ during UU t r i E 
specimens of London clay. 
 a^/cs^ during UU t r i a x i a l tesLs on 38mm diameter 
FIG. 5-6.1. (Above) Stress-strain relationships for UU t n a x i a l 
tests on 98mm diameter specimens of London clay. 
FIG. 5-6.2. (Below) Effective stress paths for UU t r i a x i a l tests 
on 98mm diameter specimen (London cl a y ) . I n i t i a l e f f e c t i v e 
stress i s equal to 600 kN/m . 
FIG. 5'6.3» Relationship between the volume change and the square 
root time for a 38mm diameter sample of London clay during 
consolidation under an a l l round pressure ( r a d i a l and end 
drainage). 
FIG. 5«6«4« Stress-strain relationships for CU t r i a x i a l tests on 38mm 
diameter specimens of London clay. 
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FIG. 5*6-5- Results from CU t r i a x i a l tests on 38mm diameter specimens 
of London clay. Above 
c i r c l e representation. 
p ^  - q'^ diagram. Below Mohr 
FIG. 5«6.6. Stress-strain relationships for CU t r i a x i a l tests on 38mm 
diameter specimens of London clay. Depth of sampling was 
22.5m- Each test was carried out under d i f f e r e n t nominal 
rates of s t r a i n . 
FIG. 3*6.7. Relationship between the pore pressure parameter A and 
the a x i a l s t r a i n , for CU t r i a x i a l tests on 38mm diameter 
specimens of London clay. Each test was carried out 
under d i f f e r e n t notmnal rates of s t r a i n . 
FIG. 5-6.8. Relationship between the deviator stress at f a i l u r e , and 
the rate of s t r a i n f o r TTU t r i a x i a l tests on 38mm diameter 
specimens of London clay. 
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FIG. 6.2.1. Polynomial f i t t e d to SKEMPTON (1961) data r e l a t i n g 
the v a r i a t i o n of K q with depth i n London clay. After 
GOWLAND•S (1974) private communication. 
FIG. 6.2.2. Amplitudes of p r i n c i p a l stress r a t i o s around the 4m diameter 
tunnel 30m deep m London clay. Analyses based on ela s t i c 
equations i n t e r r e l a t e d with SKEMPTON'S K q function with 
depth and assuming condition of plane s t r a i n (Based on 
data supplied by GOWLAND, 1974 private communication). 
FIG. 6.2.3- Radial and tangential stresses around the 4m diameter 
tunnel 30m deep m London clay. Stresses are calculated 
from elast i c and p l a s t i c analyses under the assumption 
of plane s t r a i n conditions. 
FIG. 6.3-1. Relationship between the s t r a i n energy per u n i t length 
and the distance from the tunnel centre for the km diameter 
tunnel 30m deep i n London clay. 
FIG. 6.3.2. The maximum settlement as a function of depth below ground 
surface. Comparison between the calculated and the actual 
values. 
FIG. 6.4-1. (Above) Measured r a d i a l displacement as a function of 
polar co-ordinate angle for the l^m diameter tunnel 30m 
deep m London clay. 
FIG. 6.4-2. (Below) Calculated r a d i a l displacement as a function of 
distance from the tunnel centre taking the polar co-
ordinate angle as the mam parameter. 
FIG. 6.4.3. Comparison between the actual ( a f t e r ATTEWELL and FARMER, 
1972) and the t h e o r e t i c a l l y predicted r a d i a l displacement 
around the km diameter tunnel 30m deep i n London clay, 
for d i f f e r e n t polar co-ordinate angle. 
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FIG. 7*2.1. Hypothetxcal stress paths fo r an element of clay at 
tunnel s o f f i t and at tunnel axis l e v e l . Tresca's lines 
are defined according to laboratory test results from UU 
t r i a x i a l tests on specimens taken from tunnel axis l e v e l 
i n two mam directions, p a r a l l e l and v e r t i c a l Lo 
s t r a t i f i c a t i o n . 
FIG.7«4-1- Hypothetical mobilization of earth pressure for an element 
of clay at tunnel axis l e v e l during the various stages of 
construction. 
FIG. 8.1.1. Some grout properties. After CARON (1973). 
FIG. 8.1,2. a S t a b i l i t y factors of a slur r y trench as a function of 
i t s geometry. After MEYERHOF (1972). 
FIG. 8.1.2. b Horizontal and v e r t i c a l arching behind f l e x i b l e retaining 
structures. After TSCHEBOTARIOFF (1951). 
FIG. 8.2.1. S t a b i l i t y analysis of a two-dimensional Coulomb trench. 
FIG. 8.2.2. Relationship between the s t a b i l i t y factor and the un i t 
weight r a t i o . 
FIG. 8.2.3- S t a b i l i t y analysis of a three-dimensional Coulomb wedge. 
FIG. 8.2.if. Relationship between the length/depth r a t i o , and the 
angle 6. 
FIG. 8.2.5- Relationship between the s t a b i l i t y factor and the u n i t 
weight r a t i o , for various values of the angle theta. 
FIG. 8.3.1- S t a b i l i t y analysis of an element of ground behind a 
slu r r y trench. 
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FIG. 9.2.1. Site plan (a f t e r ATTEWELL and FARMER, 1972) geology and 
s o i l properties as defined by laboratory tests. 
FIG. 9.3.1. Support and excavation system, a f t e r "GROUND ENGINEERING" 
(1971). 
FIG. 9.3-2. Excavation progress. After ATTEWELL and FARMER (1972). 
FIG. 9-4-1. Boreholes layout. 
FIG. 9.5.1. Surface and subsurface seltlement development; curves. 
After ATTEWELL and FARMER (1972). 
FIG. 9.5.2. Development of maximum settlement with depth below ground 
surface. Borehole BH1. 
FIG. 9.5.3. Transverse surface settlement p r o f i l e at various times. 
FIG. 9.5.4. Evolution of l a t e r a l deflection p r o f i l e s at various times. 
After FARMER and ATTEWELL (1973). 
FIG. 9.5-5- Two-dimensional vector representation of ground movements 
m borehole BH1. 
FIG. 9-5-6. Lateral deformation p r o f i l e . 
FIG. 9-5-7- Hypothetical shape of the ground affected zone. 
FIG. 9-6.1. Resultant pressure d i s t r i b u t i o n i n the excavatmn 
sidewall. After FARMER and ATTEWELL (1973)-
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FIG. 9.6.2. Earth pressure d i s t r i b u t i o n calculated from MEYERHOF'S 
(1972) approach. The K q versus depth linear function i s 
taken from COLE and BUELAND (1972). 
FIG. 9.7-1- Comparison between the actual ( l e f t ) and the calculated 
( r i g h t ) horizontal deformation p r o f i l e . Borehole BH1. 
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INTRODUCTION 
Ground movements may be d i f f e r e n t i a t e d between these which are 
at t r i b u t e d to natural causes (often with a strong geological control) and 
those which arise as a re s u l t of constructional a c t i v i t y . The f i r s t type 
of movement may be said to comprise:-
a) Ground movements due to non-elastic deformations, 
b) Ground movements due to earthquakes, or ground creep, 
c) Ground movements due to natural ground compaction and consolidation, 
or due to natural changes i n the groundwater l e v e l . 
On the other hand, ground movements might be the result of the following 
a r t i f i c i a l causes: 
a) Mining**; 
b) Tunnelling (rock or soft ground), 
c) Deep excavations, 
d) Deep foundations ( p i l e d r i v i n g ) ; 
e) Geotechnical processes (chemical treatment, v i b r o f l o t a t i o n , sand 
drains and so on); 
f ) Excessive pumping of water or withdrawal of o i l , 
g) Vibration of machinery or t r a f f i c vibrations; 
h) Blast vibrations. 
* Beneath heavy loads, p l a s t i c layers or layers which become p l a s t i c due to some 
disturbance, may squeeze outward, allowing surface settlement. Thus, clay may 
be extruded from beneath a structure, or sand and s i l t layers, unless drainage 
i s provided, may become l o c a l l y p l a s t i c and flow, (see TREFETHEN, 1960). 
** 
Mainly mining subsidence which i s an essentially downward movement of the 
ground surface due to the removal of large volumesof material underground. 
As a r e s u l t , the weight of overlying rock may cause collapse and subsidence. 
The aim of the presenb thesis i s to examine ground deformation due 
d i r e c t l y to tunnelling operations and deep excavations m clay. 
Ground movements can be described i n every point of a three dimensional 
s o i l mass as a s p a t i a l vector, which may be resolved in t o three components 
one v e r t i c a l , which i s known as settlement, and two co-planar horizontal 
components. In the case of tunnelling, the horizontal components may be 
related to directions p a r a l l e l and normal to the tunne] centre l i n e , while 
i n the case of deep excavations, these components have directions normal to 
tne sidewall (the so-called ground deflection) and p a r a l l e l to i t . 
The magnitude of the ground deformation vector i s normally higher i n 
the v i c i n i t y of the opening where the bulk of any ground loss takes place. 
From both the p r a c t i c a l and academic points of view the problem of 
ground movements due to tunnelling or mining has been treated with an emphasis 
on the surface settlement development rather than on the associated subsurface 
ground deformation. In t h i s context, the main question was,and s t i l l i s , 
the prediction of the magnitude and extent of the mam parameters of the surfac 
settlement trough, namely the amplitude of the maximum settlement and the 
magnitude of the settlement span. This trend i s p a r t i c u l a r l y i l l u s t r a t e d 
i n the State of the Art Report of PECK (1969) m which emphasis i s given to 
the prediction of surface settlement and other movements associated with soft 
ground tunnelling and deep excavations. 
During the l a s t f i v e years, however, the interest appears to be s h i f t e d 
towards the examination and analysis of subsurface ground deformation. This 
new trend would seem reasonably to be a t t r i b u t e d to the following two mam 
factors. 
a) The necessity for recognition and understanding of the subsurface ground 
deformation regimeas i t d i r e c t l y affects the s t a b i l i t y of the foundations 
of nearby buildings. Since the recent trend i s to b u i l d more tunnels 
and rapid t r a n s i t systems m urban areas, t h i s factor i s of p a r t i c u l a r 
importance. 
b) The rapid improvement of more sophisticated instrumentation and 
measuring techniques for the analysis of the i n - s i t u ground deformation. 
Nevertheless, most of the relevant l i t e r a t u r e i s s t i l l concerned with surface 
settlement. This i s probably understandable from the point of view of 
simple economics, since the establishment of a network of ground survey 
stations and precise l e v e l l i n g operations are far simpler and cheaper than 
the sinking of boreholes and the operation of continuous subsurface surveys 
with the aid of inclinometers, magnetic detectors and other instrumentation. 
Therefore, i t i s not surprising that during the l a s t f i v e years only sporadic, 
well-documented case hi s t o r i e s f o r surface and subsurface ground deformation 
resu l t i n g from soft ground tunnelling and deep excavations have appeared i n the 
l i t e r a t u r e . 
Factors a f f e c t i n g ground movements 
Examining those factors e f f e c t i n g the type, magnitude and extent of 
ground movements associated with s o f t ground tunnelling, one may single out 
as key factors the geological setting and the ground properties ( p a r t i c u l a r l y 
hydrological) of the s i t e where the tunnel i s driven. 
Taking account of the p a r t i c u l a r character of the ground stress regime, 
the engineer choses the appropriate type of l i n i n g (concrete cast m s i t u , 
expanded l i n i n g , bolted pre-cast segments, and so on) and decides on the 
suitable method of excavation to be followed(hand-mmed, digger shield, hand-
mined shield, f u l l face blasting, and so on). I n the case of s h i e l d tunnelling, 
the p a r t i c u l a r type of shield and i t s s t r u c t u r a l features(such as the presence 
or otherwise of a bead, the jacking pressure, i t s length, the possible require-
ment for a diaphragm across the face when dealing with very soft s o i l s l y i n g 
beneath the water table) are factors having a p a r t i c u l a r l y important control on 
the ground movements and consequential 'ground losses' around the shield. 
These ground losses taking the form of "face-take'* or r a d i a l intrusions of 
the s o i l are essentially time-dependent deformations related to the geo-
technical and rheological properties of the s o i l - and p a r t i c u l a r l y , of 
course, to i t s drainage character - and to the rate of tunnel advance. 
ATTEWELL and FARMER (1974) have examined i n some d e t a i l these ground losses 
associated with shield tunnelling m an overconsolidated s t i f f fissured clay. 
PECK et a l (1969) argue that the most d i f f i c u l t task during the 
construction of shield-driven tunnels i s to prevent the movements of s o i l 
i n t o the void behind the t a i l p i e c e of a shield before the void can be f i l l e d . 
Thus, i n cohesionless s o i l s the ground movement i n t o the t a i l void may comprise 
two types: collapse of the sand at the crown, or inflow at the invert i f the 
tunnel i s below the ground water table, while i n p l a s t i c clays or s i l t s , the 
s o i l tends to squeeze r a d i a l l y i n t o the annular space. 
In the case of d i f f i c u l t s o i l conditions, or what are commonly termed 
"geologic anomalies" i n the form of longitudinal variations of l i t h o l o g y and 
structure along the tunnel axis and centre l i n e , mixed-face conditions, or 
unfavourable positions of any ground water table, ground s t a b i l i s a t i o n might 
be an eff e c t i v e way of preventing severe and unacceptable ground deformation. 
For s o i l s having low cohesions, especially those beneath the ground water table, 
geotechnical processes of s o i l improvement are sometimes inevitable. 
The most common types of such methods are the use of compressed a i r , 
grouting, ground water lowering, and ground water freezing. 
Geotechnical processes, although very useful i n ameliorating unfavourable 
s o i l conditions, must be used with care especially when the tunnel i s driven 
beneath urban areas because i t can happen that the s t a b i l i z a t i o n of the ground 
around the tunnel may only be at the cost of inducing ground i n s t a b i l i t y i n 
the foundations of the nearby buildings. As BARTLETT and BOBBERS (1970) pointed 
out, m fxssured ground care has to be exercised to ensure that grout 
at high pressure does not come i n t o direct contact with the underside of 
foundations, with resultant heave and damage to the building. Also, i n 
the case of ground wafpr lowering, m addition to direc t settlement, the 
p o s s i b i l i t i e s of drawing down p i l e s or of causing timber p i l e s to r o t have 
to be considered. 
Another factor a f f e c t i n g ground deformation i s the geometry of the 
tunnel, i t s depth and diameter. I t has been found t h a t , assuming the charact 
of the transverse surface settlement p r o f i l e above a tunnel to take the form 
of an error curve (considered m d e t a i l subsequently i n t h i s t h e s i s ) , then 
the parameters of t h i s curve are related to the dimensionlcss r a t i o : tunnel 
depth/tunnel diameter. This dimensionless r a t i o i s a function of the 
standard deviation of the settlement curve (SCHMIDT, 1969, PECK, 1969, 
PECK et a l , 1969) l s a l s o a function of the maximum surface settlement 
(MYRIANTHIS, 1974 a,b) of the same curve. 
F i n a l l y , some preliminary mention should be made of the influence 
exerted by the time factor on the ground deformation regime m soft ground 
tun n e l l i n g . This factor may be expressed as a function of the rate of s o i l 
deformation and the rate of tunnel advance. I t i s commonly acknowledged 
by the tunnelling engineer that the slower the rate of tunnel advance, the 
greater i s the t o t a l s o i l i n t r u s i o n for a given depth of tunnelling. For 
shield-driven tunnels, the problem l i e s m the accommodation of the time 
factor i n t o the ground loss computations. Such a problem i s considered m 
the present thesis. 
As fa r as deep excavations are concerned, i t may be argued that ground 
movements w i l l always occur during construction whatever the effectiveness of 
the supporting system. These deformations usually take the form of: 
a) An inward movement of the s o i l on the side walls, 
b) An upward movement of the base of excavation - the well known 
bottom heave, and 
c) A surface settlement r e s u l t i n g from the ground loss of the side walls. 
The t h i r d type of movement i s probably the most serious because i t i s the 
most l i k e l y to occur, and thus place at r i s k the foundations of the nearby 
buildings. 
As m the case of soft ground tunnelling, the geological factor i s 
dominant m the determination of ground deformation associated with deep 
excavations. This factor, together with the properties of the s o i l influence 
to some extent the choice of type of excavation and supporting system (braced, 
slurry-supported, timbering, and so on). The geometrical factor i s also 
important for the s t a b i l i t y of deep excavations. MEYERHOF (1972) pomted-
out that the dimensionless r a t i o : depth/width of the structure i s d i r e c t l y 
related to a s t a b i l i t y factor i n the case of slurry trenches i n saturated 
clay. 
Ground movements are also dependent on the p a r t i c u l a r d e t a i l s of 
construction and i t s h i s t o r i c a l progress, and upon the quality of workmanship. 
Minimization of settlement and ground losses associated with deep 
excavations m s o i l may often be achieved i f a t r i a l part of the excavation 
i s adequately instrumented i n order to provide an early detection of the 
ground movement trend. This trend could i n turn be interpreted m such a 
way as to promote possible alterations i n the o r i g i n a l design of the system 
provided that i t has such an i n b u i l t f l e x i b i l i t y . 
Damage to nearby buildings due to ground movements. 
Surface and subsurface ground movements and settlement due to soft 
ground tunnelling and deep excavation could cause damage to adjacent surface 
and subsurface structures. Surface settlement may r e s u l t i n d i f f e r e n t i a l 
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settlement of the foundations of the building, while d i f f e r e n t i a l 
horizontal ground movement may d i s t o r t p i l e s and displace them from t h e i r 
o r i g m a l position. These movements would create a new and unknown 
d i s t r i b u t i o n of load from the superstructure to the foundations. 
Surface heave may also endanger the foundations, creating conditions 
of surface ground compression which could possibly crush foundations, walls 
and roofs. In the case of shield-driven tunnels, the pressure exerted 
by the thrust rams may at least t h e o r e t i c a l l y create a state of passive 
earth pressure at points ahead of and above the shield. I f foundations 
of adjacent buildings are present i n the v i c i n i t y of the range of influence 
of such tunnel pressures, there i s a p o s s i b i l i t y of a completely new form 
s o i l - s t r u c t u r e interaction - that of soil-foundation i n t e r a c t i o n . 
For a l l these reasons special precautions are required during design 
and construction for the minimization of the danger of damage. 
* In the C i v i l Engineering Code of Practice No. k (1954) : Foundations, Part 5 : 
5-606 i t i s clearly stated that "In a l l cases where excavations are to be 
carried out m congested areas m close proximity to surrounding buildmgs 
and public highways, the excavation method adopted should be such as w i l l 
provide adequate safeguard against settlement and damage to such buildings 
and highways.-.". 
CHAPTER 1 
GROUND STABILITY FOE TUNNELS IN CLAY 
1.1 INTRODUCTION 
The s t a b i l i t y o i soft ground tunnels can be examined with the aid of 
some semi-empirical c r i t e r i a such as those expressed by the simple overload 
factor (OFS) and the modified overload factor (OFM). 
The loss of ground around the opening i s probably a major factor con-
t r i b u t i n g to ground movements and surface settlements. S t a b i l i t y analysis 
indicates that the loss of ground i s a function of OFS. S t a b i l i t y c r i t e r i a 
m the form of c r i t i c a l stress r a t i o s can also be formulated from special 
laboratory techniques such as extrusion tests. F i n a l l y , the incorporation 
of the time factor into any soft ground tunnelling s t a b i l i t y consideration i s 
a r e a l necessity because s t a b i l i t y i s a dynamic phenomenon rather than a mere 
s t a t i c concept. In f a c t , s t a b i l i t y i s a function of time dependent para-
meters such as the rate of tunnel advance, the rate of clay deformation 
around the opening and the rate of application of any i n t e r n a l s t a b i l i s i n g 
pressure. 
1.2. THE OVERLOAD FACTORS (OFS, OFM). FORMULATION OF A PLASTIC ZONE 
AROUND A TUNNEL. 
DEERE et a l (1969) proposed that the s t a b i l i t y and the p o t e n t i a l ground 
loss for a tunnel m clay might be expressed as a function of a "simple 
overload factor", OFS, which i s the r a t i o of the overburden pressure, less 
any i n t e r n a l pressure ( f o r instance, a i r pressure i f i t i s applied), to the 
undramed shear strength of the clay for conditions m which the v e r t i c a l and 
l a t e r a l pressures pre-existmg i n the ground are equal. 
Thus, 
a - a 
OFS = — - - (1.2.1.) c u 
where. , , 
i s the overburden pressure, 
i s any i n t e r n a l pressure, 
c u i s the undramed shear strength of the clay. 
The maximum tangential (hoop) stress according to the theory of e l a s t i c i t y 
equals twice the r a d i a l ( v e r t i c a l ) pressure cr^, for K = 1. Thus, one may 
define the "modified overload factor," OFM, as 
a. - 2a 
OFM = -2JE5 i (1.2.2.) 
% 
where 
°0max l s ^ n e m a x i m u m "tangential stress, 
a i s any i n t e r n a l pressure, 
and q^ i s the unconfmed compressive strength of the clay. 
In essence, the maximum tangential stress i s the major p r i n c i p a l stress at 
the tunnel wall surface, and i t i s reasonable xo assume that when exceeds 
some shearing take place to form a p l a s t i c annulus around the unsupported 
tunnel. The radius of the sheared annulus depends upon the magnitude of 
the r a t i o °0/qu» 
Due to the very importance of the nature and extent of the "plastic annulus" 
around an unsupported tunnel, an attempt has been made via the theory of 
e l a s t i c i t y to define the radius of the p l a s t i c zone and the parameters 
influencing i t s amplitude. 
SAVIN (1961) stated that i f the stresses m a mathematically-defmed 
region of stress concentration around a cir c u l a r hole exceed a certain l i m i t i n g 
value for a given material, the material m t h i s region w i l l be m a state of 
stress exceeding the l i m i t of e l a s t i c i t y . Assuming, that t h i s i s the case 
and that the stress function (J)^(x,y) which determines the stress state 
"beyond the l i m i t of e l a s t i c i t y " i n t h i s zone i s a hyperbolic function, then 
the stress function <J>.>(x,y) fo r the ela s t i c range s a t i s f i e s the bi-harraonic 
equation 
^ + 2 ^ $ 2 + & %2_ = 0 • • • ••C'l«2«3") 
Assume further that tangential and shear stresses are given m a parametrical 
(S) form by 
aQ = f ^ s ) . T G R = f (S) (1.2.4.) 
are applied to the contour of the hole and s a t i s f y the boundary conditions 
imposed by the l i m i t s 
lun a 0 = cr (x,y) 
lim T Q r = -d Q (x,y) 
0r-* oe 
(1.2.5.) 
or, 
lim o"x = »1(x,y) 
x-fr oe 
lim a 
J 
y_^ CW 
lim T = a_,(x,y) xy 3 
xy-& oe> 
.....(1.2.6.) 
I t i s necessary to suppose that the function0^(x,y), that i s , the stress 
function for the range above the l i m i t of e l a s t i c i t y , s a t i s f i e s beyond the 
boundary conditions (equation 1.2.6.) the hyperbolic type equation 
F^ (x.y, ^ 1 , ^ »1 , ^ J $ l , ^ 1 ) 
3 x 2 ^ y 2 £)x by 
which i s known as the " p l a s t i c i t y condition". 
0 ..(1.2.7.) 
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The problem now consists of finding a bi-harmonic f u n c t i o n t y ^ i x i j ) outside 
some unknown contour which surrounds the hole and separates the p l a s t i c 
from the elasti c zone. In the meantime, at t h i s contour the following 
conditions must apply 
b x 2 b * 2 
x otf-
lam &2<t 
x-* OO 
y-> 0 0 
X-9 CO 
V-* CO 
~ 2 2 
= ^ 2 
ly2 d y 2 
y conditions 
2 (x»y) 
1 ( x , y ) 
= °3(x,y ) 
equation (1.2.7.) 
2 
+ k £ 201 
dx&y 
and & 01 
6x^y 
b % 2 
^x^y 
...(1.2.8.) 
= ZtK* (1.2.8.) 
where K*is a material constant defined as K*= a /2 m the maximum shear 
r 
stx-ess theory and K*= a / m the octahedral shear stress theory. Note that 
o^ i s the y i e l d point of the material m the case of uniaxi a l tension. 
Assuming that a single normal pressure acts at the hole contour (the 
diameter of the tunnel): tunnel's circumference, 
a = -p r 
T = 0 r6 
.....(1.2.9" ) 
and that the boundary conditions are. 
lim a = A J 
x / x-* 0 0 
l i m a = B 
y 
y-» 0 0 
(1.2.10.) 
J 
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the solution of equation ( 1 . 2 . 8 . ) " t h e n given by 
^ (x,y) =K'R 2£n (R/R Q) + ( £±£*) R 2 (1.2.11.) 
where R i s the tunnel radius and R i s a distance from the tunnel centre, o 
One may express the stress functions o^, d and further, using a 
mathematical method known as the MUSKHELISHVTLI formulation (see SAVIN 1961) 
i t i s possible f i n a l l y to define the boundary of the p l a s t i c zone. This 
boundary i s a c i r c l e with a radius given as follows. 
* 
R = R e 2 K * , for B = A 4 0 o ' 
and (1.2.12.) 
p - K* 
R = R e 2K* , for A = B = 0 o 
i. e . no stress at i n f i n i t y 
The more complex case of normal and shear stresses applied at the contour 
of a circ u l a r hole (tunnel circumference) was examined by PARASYUK (see 
SAVIN 1961) who found that the boundary of the p l a s t i c zone i s no longer a 
c i r c l e and that i t s radius i s given under a rather complex notation. 
Using the above results m a s o i l mechanics context and considering the 
case of a f r i c t i o n l e s s s o i l under K = 1, conditions, i t i s known that the y i e l d 
state must s a t i s f y TRESCA'S c r i t e r i o n of f a i l u r e , 
ffl " °3 = 2 C u 
This could be wri t t e n as 
a - a 
-^5 ^ = a (1.2.13.) 
u 
where a = 1 at equilibrium. 
Substituting 0 ^ = 0 ^ and 0^ = 0^ then, 
"v ' °! = OFS 
a = — 
a ^ 1 means that no p l a s t i c zone w i l l develop whereas 
a ^ 1 means that a p l a s t i c zone w i l l develop. 
(1.2.1/f.) 
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The radius of a developed p l a s t i c zone i s given by equation (1.2.12.) i n 
the case of (A = B = 0 ) . Thus 
EM 
H = R e o 
or 
0.5CQFS-1) (1.2.15.) 
H 
This relationship has been pl o t t e d on a log-linear graph (see Figure 1.2.1.) f o r 
values of R q ranging from 1m to if. 5m. Although the graph i s self-explanatory, 
i t must be emphasised that for the c r i t i c a l value of OFS = 6.28 (as defined by 
DEERE et a l 1969) the extent of p l a s t i c zone i s contained between the l i m i t s 
1Zf.5m <*R <"68m depending upon the respective value of the tunnel radius R Q. 
I t should be noted, however, that f o r basic s t a b i l i t y , OFS should not exceed 
6 (PECK,1969). 
A detailed presentation of ten case studies has been given by PECK m 
his State of the Art Report. I t was concluded that tunnelling can be 
carried out without undue d i f f i c u l t i e s m p l a s t i c clays i f In 
shield tunnelling, i f OFS i s much greater than t h i s , the clay i s l i k e l y to 
invade the t a i l p i e c e too rapidly to permit satisfactory f i l l i n g of the void 
with pea gravel or grout. For OFS values approaching 7, the shield may 
become unmanageable because of i t s tendency to t i l t as i t advances. 
Using PECK'S op c i t published data, a graph has been pl o t t e d r e l a t i n g the 
dimensionless r a t i o Z/2R (depth to diameter) to OFS for ten case studies. 
As i s shown i n Figure 1.2.2. a curve of the second degree describes the 
increase of OFS as Z/2R decreases. Taking i n t o account the fact that shear 
strength may reasonably be assumed to increase l i n e a r l y with depth (see 
Appendix 2a) the c r i t i c a l value of OFS for shallow depths could be even less 
than 6. As MUIR WOOD (1970) pointed out,this i s only one condition for 
s t a b i l i t y . DEERE et a l (1969) emphasized the importance of the time of 
exposure of the face m a s o i l , the effe c t i v e permeability of which i s 
s u f f i c i e n t l y low to permit appreciable v a r i a t i o n m pore water d i s t r i b u t i o n 
during the period of exposure. Immedia t e l y a f t e r excavation, the release 
of the ground sets-up negative pore pressures at the face which provide some 
measure of support so long as the condition persists and t h i s negative 
pressure i s assisted by the cohesion of the s o i l . 
I n a s t i f f , fissured clay such as London clay, the s t a b i l i t y may depend 
less upon the strength of the clay mass, than upon the shear stresses developed 
at fissures. The orientation and i n c l i n a t i o n of the fissures should be taken 
int o account because laboratory results indicate a s i g n i f i c a n t difference m 
shear strength due to these factors (see MYRIANTHIS, 1973). 
Nevertheless, f o r the question of crown s t a b i l i t y i n an unlmed tunnel 
DEERE et a l , op c i t , provide a c r i t e r i o n based on BALLA'S analysis for a 
f l a t roof. This i s that" 
m which B i s the breadth of the unsupported roof ,c' and ^' are the effe c t i v e 
shear strength parameters for the s o i l , and the constants F^, F are functions 
of the angle as indicated by Figure (1.2.3.). 
OFS 2 ( F 1 - 2 BYV — ( 1 . 2 . 1 6 . ) 
where the unconfmed drained compressive strength, 
q^ = 2c' tan (45° + ^'/2) ....(1.2.17-) 
1.3 LOSS OF GROUND AND OFS. 
The excavation of a tunnel i n clay, under normal constructional and 
ground conditions, creates a symmetrical settlement trough at the ground 
surface. PECK et a l (1969) suggest that the shape of the trough i s nearly 
independent of the magnitude of the maximum settlement and that the s e t t l e -
ment volume i s equal to the volume of l o s t ground i n the tunnel modified 
by any volume change m the subsiding mass. 
More recently, PECK et a l (1972) have stated that the maximum 
amplitude of the settlement curve can be estimated on the assumption that 
the volume of the settlement trough w i l l be about one per cent of the 
volume of the tunnel (that i s , the volume of the excavated s o i l ) . Under 
exceptionally good conditions and workmanship, the settlement may be as 
l i t t l e as h a l f of t h i s amount. In contrast, volumes of settlement of up 
to k0% or 30% of the volume of the tunnel are not unknown (PECK et a l , 1972). 
The symmetrically-shaped settlement p r o f i l e over a tunnel can 
adequately be approximated by a Gaussian error curve (see Chapter 2 ) , and 
i t has been shown m the l i t e r a t u r e that the shape of most settlement 
p r o f i l e s conforms closely zo i t ; . From the properties of the Gaussian 
error function i t i s known that the surface settlement volume per unit 
advance of the tunnel i s proportional to the product of i ( t h e standard 
deviation on a normal p r o b a b i l i t y curve, being the point of i n f l e c t i o n on 
the surface settlement semi-profile) and s the maximum settlement on the 
max 
error curve. Thus, 
V 
surf 
= J271 1 s (1.3.1.) 
N max 
Loss of ground however, must be related to the the o r e t i c a l volume of the 
tunnel (V ), exc 
V _ = V/i V (1.3.2.) 
surf It, exc 
where i s the ground l o s t 
SCHMIDT (1969) examined variations i n the loss of ground with the OFS 
value and with the s o i l properties under K = 1 conditions on the 
assumption of no volume change (that 13"^ = 0.5). He concluded that 
F o rOFS^I, Vfl = e^-l (1.3-3.) 
^ E 
For OFS ^-1 , V,, = 3 OFS j a (1.3.4.) 
-L E 
where c^ i s the undrained shear strength 
and E i s the Young's modulus. 
Fi n a l l y , he pointed out that the strength/modulus r a t i o for common s o i l s 
varies within a f a i r l y narrow range approximately bounded by the values 
5 x 10 ^  to 2 x 10 ^ . This range i s l i k e l y to be narrowed as more becomes 
known about the deformational behaviour of clay s o i l s . 
As i s shown m Chapter 2, the Z/2R r a t i o (depth/diameter) i s a function 
of the loss of ground (V^), and according to SCHMIDT'S results i t might be 
a function of OFS, because = f(OFS). Indeed, SCHMIDT, op c i t derived 
a graph giving the range of the o r e t i c a l ground loss as a function of OFS 
for boundary values of the r a t i o c^/E, as shown m Figure 1.3.1. 
1.if. LABORATORY TECHNIQUES APPLIED TO GROUND STABILITY 
laboratory extrusion t e s t i n g of clays and other soft ground mateiials 
has been suggested as a quick method of evaluating ground s t a b i l i t y at a 
tunnel face. A feature of the model i s that the direction of extrusion of 
material becomes perpendicular to the direction of stress application. 
Extrusion i t s e l f i s by a combination of p l a s t i c deformation and shear. 
BJERRUM and EIDE (1956) determined the factor of safety against f a i l u r e at 
the base of an excavation as, 
F = N Cu 
1 7 
where N i s a coefficient dependent on the dimensions of the 
excavation, 
c^ i s the undramed shear strength of the s o i l , 
Y i s the unit weight of the s o i l , 
h i s tne depth o± the tunnel from the ground surface, 
and Q i s a surface surcharge. 
I f d i s the hole diameter, they concluded that for h/d^>if, N^ = 9« 
BROMS and BENNERMARK (1967) translated t h i s idea m terms of a c i r c -
ular tunnel face where Z/2R i s greater than Zf From a theoretical 
analysis of a semi-circular rolational f a i l u r e at tho face they deduced a 
value for N =6.28. c 
They proceeded to reinforce t h e i r argument by a series of laboratory 
extrusion tests from which they derived a value for N^ i n the region of 6 
to 8. This adds a theoretical j u s t i f i c a t i o n for the e a r l i e r p r a c t i c a l 
observations of a c r i t i c a l value for OFS a l i t t l e greater than 6. 
A tunnel excavation would be stable therefore, i f overburden pressure 
i s less than six times the undrained shear strength of clay. Later work 
by ATTEWELL and BODEN (1971) stressed that the s t a b i l i t y r a t i o which i s 
based on simple stress-deformation c r i t e r i a i s incomplete. They argue that 
for p r a c t i c a l considerations, the stress l e v e l of interest i s not that of 
t o t a l f a i l u r e but rather that of maximum acceleration of clay i n t r u s t i o n 
at a tunnel face. This occurs before the ultimate stress-deformation 
y i e l d considered previously. The value f o r t h i s new s t a b i l i t y r a t i o i s 
taken as N = O.Zf5-c 
BODEN (1969), PASCALL (1970), ATTEWELL and BODEN (1971), HARRISON (1971) 
and f i n a l l y ATTEWELL and FARMER (1972) conducted a series of laboratory 
extrusion tests xn order to simulate tunnelling. The basic t e s t i n g programme 
was m almost a l l cases the same and consisted of two d i s t i n c t parts. 
The f i r s t part was an extrusion test using a constant rate of 
a x i a l s t r a i n , while the second part was a series of extrusion tests 
using f i v e constant stress steps loaded on the same sample and held on 
for approximately f i f t e e n minutes each. The applied v e r t i c a l stress and 
the amount of clay extrusion were measured i n both tests with the addition 
of the a x i a l deformation of the sample m the former case. 
Investigations were carried out i n t o the effects on the s t a b i l i t y 
of the clay of varying moisture content and extrusion hole size. Other 
testing of a more standard form was also performed. 
Atterberg l i m i t s were determined f o r each clay sample as was the 
undramed shear strength. ATTEWELL and BODEN (1971) p l o t t e d the 
var i a t i o n of extrusion-based s t a b i l i t y r a t i o with l i q u i d i t y index f o r 
undisturbed laminated clay. They found a linear relationship to hold m 
the form that as the l i q u i d i t y index increases, the s t a b i l i t y r a t i o tends 
to decrease. 
Figure 1.4«1« i l l u s t r a t e s the c e l l for clay extrusion experiments 
with i t s geometrical elements, and some results of a t y p i c a l constant 
a x i a l s t r a i n rate test on a clay. 
A more detailed analysis of a constant rate of a x i a l s t r a i n test i s 
given i n Figure 1.4.2 while a graph i s presented for the extrusion rate 
de/dt versus the s t a b i l i t y r a t i o a^/a^.. This graph comprises data on 
London clay and on s t i f f clay with d i f f e r e n t extrusion hole diameters 
used. 
The basic feature m the i n t e r p r e t a t i o n of the combined curve (Figure 
1-4-2.) i s the series of values for c r i t i c a l overburden pressures such 
as a = a ( f ) . 
v e 1,2 5 
In f a c t , a ( f ) , . i s a value which i s determined from the stress l e v e l 
corresponding to the point of departure of the p r e - f a i l u r e tangent from 
the extrusion curve. I t shows, however, the s t a b i l i t y value at the time 
when the clay i s j u s t s t a r t i n g to accelerate out of the hole. 
Nevertheless, i f the point of tangent interception i s produced 
horizontally to meet the graph, the s t a b i l i t y value °"e(.f)2 c o r r e s P o n ( i B 
to a state where extrusion i s v i s i b l e but maximum acceleration has not 
yet been attained. On the other hand, a /•„•*., i s the s t a b i l i t y value 
ev.1 )5 
which may be correlated with the maximum acceleration of extrusion. I t 
i s found from the point of intersection of the tangent angle bisector 
with the extrusion graph, while ae(f~)^ l s ^ n e s t a b i l i t y value for the 
tangent intersection. I t i s actually a value corresponding to an event j u s t 
a f t e r maximum acceleration. 
F i n a l l y , O^^j i s determined from the point of departure of the 
po s t - f a i l u r e tangent from the curve. I t shows the value of the s t a b i l i t y 
r a t i o when extrusion i s a t t a i n i n g a more uniform v e l o c i t y . Obviously, 
these ^ g ^ j j n values can be expressed more consistently i n a dimensionless 
way taking the r a t i o awhich i s a characteristic s t a b i l i t y r a t i o . 
1.5. TIME FACTOR AND GROUND STABILITY 
I t i s usually accepted that the slower the rate of tunnel advance 
the greater i s the t o t a l clay i n t r u s i o n for a given depth of tunnelling. 
Indeed, the time factor i s a governing parameter i n the ground s t a b i l i t y 
regime around a tunnel. The rate of tunnel advance determines m effect 
the time of exposure of any element of clay at or near to the tunnel face 
as well as around the opening. 
2 0 
For shield tunnelling, the problem l i e s i n the accommodation of 
the time factor i n t o the ground loss computations. MUIR WOOD (1970), 
m a quite precise manner, pointed out the main contributory factors 
for the determination of ground loss. Using MUIR WOOD'S op c i t 
arguments as a framework, an attempt has been made by the author to 
modify and extend the concept, emphasizing the role of rate effects. 
The t o t a l ground loss might be expressed as the sum of ground losses 
1) At the face 
2) Behind the bead of the shield. 
3) Along the shield, and 
if) Behind the t a i l of the shield. 
Thus, 
v0 = Vn + V„ + V, + + V« (1.5.1.) 
Ji JL^ ll L2 L3 ^ 
The f i r s t factor of equation (1.5-1.) can be expressed i n terms of 
the shield radius (R) and the horizontal movement of ground at the face 
per u n i t length of shield's advance ( j ) . 
Thus, 
V. = TIR2J (1.5.2.) 
This factor obviously i s not time dependent. In order to incorporate 
the time factor i t i s necessary to define two basic rates, namely the 
rate of clay movement at the tunnel face (of= ds/dt), and the rate of 
tunnel advance (A = d f / d t ) . Note that £ represents length measured m 
metres. Therefore, 
J = °</A (1-5-3- ) 
and 
2 
vf ="T^~ (1-5-^.) 
Equation (1.5-k-) expresses the ground loss due to the face take area. 
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Assuming a 180 degrees bead, the ground loss due to the r a d i a l take 
area i s , 
V. = 7i o^ (2R - d) ££. Tt lo R because d<^2R (1„5.5«) 
0 
where o i s the length of the shield only, 
d i s the bead width. 
On t h i s basis one could define the "exposure time" for an element of 
clay above the tunnel s o f f i t as, 
t 
to 
'exp A (1.5.6.) 
During that time the clay movement i s 
Sexp = 1 — ° r Sexp = ° J (1.5.7-) 
From equation (1.5»5.) and equation (1.5-7.) the ground loss could be 
expressed more accurately as, 
Vp = 7i loZ R -2L or V. T i i o 2 Rj (1.5.8.) 
Since the bead i s r e l a t i v e l y small, (something between 5 to 25mm according 
to European standards), one should expect that during the shield's passage 
there are two alternatives, i . e . . either, 
s S d which means that the bead i s closed, exp-^ ' 
or s S d which means that the bead i s not closed, exp^" 
I n d i f f i c u l t s o i l s the shield i s often distorted so that i t s cross-section 
changes along i t s length. This results m some extra ground loss. The 
same, however, could happen when the shield i s driven with i t s axis at an 
angle to the axis of the tunnel. 
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MUIR WOOD op c i t , basing on SHIRAISHI•S (1968/69) paper, proposed 
that i f a shield "crabs" or, on account of poor ground, i s driven at an 
appreciable a t t i t u d e , considerable settlement and ground losses are 
l i k e l y to occur. 
Hence, 
v i s a "look-up" of shield measured as extent of out of plumb on 
v e r t i c a l diameter. 
F i n a l l y , 3 substantial ground loss usually occurred behind the 
ta i l p i e c e before, during and a f t e r the ground s t a b i l i z a t i o n through 
grouting. 
The estimation of that component of ground loss i s probably the most 
d i f f i c u l t and speculative because many and d i f f e r e n t factors are 
affe c t i n g the nature and extent of ground movement behind the t a i l p i e c e . 
F i r s t of a l l , the s o i l ' s nature, i t s s t i f f n e s s , cohesion and moisture 
content are the dominant factors. Secondly, but not less important,is 
the type of temporary supporting system as well as the type of l i n i n g . 
The time of unsupported ground exposure, the composition and 
effectiveness of grouting, the tunnel's depth and i t s location with respect 
to the groundwater l e v e l are no doubt some additional factors. 
As a f i r s t approximation, i t could be argued that f o r tunnels above 
the groundwater l e v e l , the loss of ground i s given by 
= 2nR(R - R Q) (1.5-1' 
where R Q I S the external radius of the l i n i n g , 
and R i s the radius of the shield. 
4 o 
s 
v 
• • • • a ( *1 • 5* 9 • ) 
where 
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F i n a l l y , i t i s then possible to express the volume of the t o t a l ground 
loss per unit length of tunnel, taking i n t o account the p a r t i a l ground 
loss values of relationships (1.5.^.)» (1.5-6.), (1.5.9.) and (1.5.10.). 
Va = TIR2(O</A) + nl 2R(«/A) + n t V + 2TIR(R - R ) I o o o 
or , 
VJ = TtRQ<(R +JL 2 ) + 27t V + R2 - EE ) (1.5-11.) 
I -j— 'o o o 
A l 5 ^ 
One should comment that the only unknown factors m relationship (1.5-11.) 
are The rate of clay movement at face, m other words Of, and the "look-
up" of the shield measured as extent of out of plumb on v e r t i c a l diameter, 
i . e . v. 
Since the l a t t e r factor could be determined m - s i t u , the problem arises with 
the f i r s t one. 
With that point m view, the extrusion technique i s a useful t o o l 
for the determination of the extrusion rate.Fmally, i t i s possible to express 
the maximum surface settlement above a tunnel, taking i n t o account rate 
effects. Thus, assuming that the volume of the surface settlement trough 
^ s u r f ^ 1 S e ( l u a ^ ^° ^ e t o t a l volume of ground loss (V£ ), and that the 
surface settlement, curve follows a Gaussian error function, 
V s u r f = \ (1-5.12.) 
but as has been discussed previously (see equation 1.3«1«) 
V _ - J i n 1 s 
surf " max 
Also, bearing m mind SCHMIDT'S (1969) equation, 
1 , Z N0.8 
R ~ ^ 2R 
i t i s possible to estimate the maximum settlement over a single tunnel 
by the combination of the l a t t e r relationships. 
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Thus, 
2 it 1 s max 
or 
max 
R(°«/A)(H + £ 2 ) + ( i V + E 2 - R E ) o o o 
R(<V/A)(R+^ 2) + ( / V + R2 - RE ) o o o 
(1.5.13-) 
(l.5 . 1 Z f . ) 
and suice I = R( - ^ R ) 0 " ^ , an&\J~2Ti /2 = 1.25 
Thus, 
1.25 
max 
(0f/A)(R+£2) + ( £ V + R- R ) o o o 
"85 
( £ ) 
0.8 (1.5-15.) 
Ground lose calculations have also been dxscussed by ATTEWELL and FARMER(l97*f)« 
1.6 RELATIONSHIP BETWEEN OFS AND TIME 
Another problem of interest i s the relationship ( i f any does exi s t ) 
between the OFS and TIME. Such a relationship might be derived on the 
basis of rheological laws. For the case of saturated p l a s t i c clay or a 
s t i f f p l a s t i c clay, i t i s reasonable to adopt a visco-elastic behavioural mode 
which i s represented by a Kelvin model. This i s composed of an ela s t i c " 
element (spring) 121 p a r a l l e l with a viscous element (dashpot), (see 
Figure 1.6.1.). 
OBERT and DUVALL (1967) stated that the s t r a m i n the elasti c element 
must equal the s t r a i n i n the viscous element, the t o t a l stress a, i s the 
sum of the elasti c stress o and the viscous stress 0 . Thus, they 
1 2 
proposed that the t o t a l stress i s equal to 
° = °1 + °2 = E 1 C + 5 T ) (1.6.1.) 
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Assume that at t = 0, when e = 0, a constant stress a i s applied 
o 
to the system. By integration of equation (1.6.1.) 
e = ^ ° I 371 I (1.6.2.) 
1 
By adding i n series with the Kelvin element a spring m order to accommodate 
the instantaneous displacement, DEERE et a l (1969) pointed that 
•••••(1.6.3*) 
c ( t ) = — + — (1 - e ) 
E2 E1 
Taking Lhe l i m i t , 
l im c ( t ) = c u l t (1.6.4.) 
where, 
c u i t = 0 ( s~ + i r } (1.6.5.) 
1 2 
b i s a coefficient with dimensions of uiverse time. 
F i n a l l y , taking e ( t ) as an a r b i t r a r y value of r e l a t i v e displacement of a 
tunnel w a l l , and further assuming that a = a = $h., i . e . the overburden 
pressure, then 
a -bt v c = — e res E 
v/here, - — 
c i s the residual r e l a t i v e displacement, or i n other words, the 
res 
remaining displacement that w i l l occur a f t e r the removal of the 
external stress. 
I n f a c t , c r e s = c u l t " C ( t ) (1.6.6.) 
V -bt 
Thus' °v = Cres 6 (1.6.7.) 
* This modified Kelvin model i s called a "Standard Linear Solid". 
Assuming, further, that an i n t e r n a l pressure i s acting for the purposes 
of s t a b i l i z a t i o n of the tunnel walls and that t h i s pressure i s given 
by a known function of time, i . e . cf . = f ( t ) , then the OFS could be J 1 m t 
expressed as a function of time: 
TP ~ b t c a ( t ) OFS ( t ) - res m t .....(1.6.8.) 
c 
u 
The accuracy of the proposed relationship depends prima r i l y upon the nature 
of the s o i l and i t s rheological properties and secondly upon the groundwater 
regime existing near the face and around the circumference. Maybe i t i s 
reasonable to suppose that the relationship m question i s v a l i d for short 
time domains, such as, for instance the time elapsed between the excavation 
and the i n s t a l l a t i o n of the early support of the tunnel. 
CHAPTER 2 
SURFACE SETTLEMENT CAUSED BY SOFT GROUND TUNNELLING 
2.1 INTRODUCTION 
Any cavity or tunnel excavation constitutes a discontinuity i n 
the subsurface ground volume, and as a re s u l t disturbances occur i n the 
state of stress and s t r a i n i n the v i c i n i t y of the opening. As a con-
sequence, t h i s disorder causes deformations and displacements of the 
ground mass, these displacements being represented at the ground surface 
as a settlement phenomenon. 
Many theories have been developed m an attempt to describe or 
model the actual mechanism of the ground movement m general and the 
surface settlement i n p a r t i c u l a r . I t i s a natural fact that most of 
these theories are concerned with settlements due to mining operations 
rather than those due to tunnelling. 
Unfortunately, the concept of settlement due to tunnelling has 
sometimes been treated consciously or unconsciously on the basis of the 
same assumptions and relationships which govern the mining phenomenon. 
I t may be claimed that t h i s i s a groundless and rather dangerous over-
s i m p l i f i c a t i o n because, although the deformation mechanics of both 
tunnelling and mining follow approximately the same basic pattern, there 
are some substantial differences between them. 
The mam p r a c t i c a l issue, however, i s the transformation of the semi-
empirical or purely theo r e t i c a l concepts concerned with ground movements 
into handleable formulae expressing the major surface subsidence parameters 
with r e l a t i o n to the geological and geometrical elements of the underground 
opening. Nevertheless, the focus of attention m the present Chapter 
w i l l be concentrated on the state of predictive a r t m subsidence due to 
soft ground tunnelling, with a b r i e f reference to the generalized 
theo r e t i c a l background. 
2.2 REVIEW OF THE EXISTING BASIC CONCEPTS 
The existing settlement theories have been developed primarily to 
explain ground movements created by longwall coal mining, and they could 
be classifi e d unto two main groups the so-called empirical concepts, 
and the elasti c theory concepts. 
The f i r s t group includes a) the mechanical approach which i s related 
mainly to the pressure arch formation hypotheses, b) the stochastic hypo-
thesis which w i l l be examined separately l a t e r , c) laboratory models, 
which experimentally reproduce subsidence deformations with the aid of, 
for example, gelatine, and d) f i e l d data analysis such as the survey 
conducted by the B r i t i s h National Coal Board at 157 c o l l i e r i e s and which 
resulted i n the correlation and s t a t i s t i c a l treatment of the basic para-
meters involved. 
The second group comprises the concepts of the classical theory of 
e l a s t i c i t y using various assumptions for the behaviour of the media. 
There i s the linear e l a s t i c , the p l a s t i c or the viscoelastic approach. 
An outline of these concepts i s i l l u s t r a t e d m the following diagram 
OUTLINE OF SUBSIDENCE MECHANISM CONCEPTS 
SUBSIDENCE CONCEPTS 
EMPIRICAL CONCEPTS 
a) Mechanical (pressure arch) 
SZECH, (1966, 1970) 
AVERSIN, (1954) 
LIMANOV, (1957) 
b) Stochastic media 
LITWINISZYN, (1953, 1956,1957, 
1957b) 
SMOLANSKI, (196O) 
BODZIONY and SMOLARSKI, (1960) 
BODZIONI, LITWINISZYN and 
SMOLARSKI (1960) 
LITWINISZYN and SMOLARSKI,(1962) 
LITWINISZYN, (1964) 
SWEET And BOGDA.NOFF, (1965) 
SWEET, (1965) 
I 
c) Field data analysis 
N.C.B. and co-workers 
ELASTICITY THEORY 
CONCEPTS 
a) Elastic approach 
HACKETT, (1959, 1964) 
BERRY, (1964, 1969,' 1963) 
BERRY and SALES,(1961) 
SALMON, (l96'-0 
VOIGHT and SAMUELSON,(1969) 
b) Plastic approach 
DAHL, (1967) 
PARISEAU and DAHL (1971) 
c) Viscoelastic approach 
IMAM, (1965) 
BERRY, (1964) 
MARSHALL and BERRY,(1966) 
d) Laboratory models 
WHETTON and KING, (1959) 
HOFFMAN, (1964a, 1964b) 
RANKILOR, (1970) 
Major differences between the ground deformation i n mming and 
tunnelling could be a t t r i b u t e d to the following factors 
a) The depth factor, which i n the case of mining excavation i s f a r 
greater than that for soft ground tunnelluig. 
b) Coal mining usually involves the disturbance of rocks, whereas 
most tunnelling m B r i t a i n takes place i n soft ground. 
c) Ground s t a b i l i z a t i o n via compressed a i r , chemical i n j e c t i o n , 
ground water freezing and ground water lowering i s of l i t t l e importance 
m mming operations, while i o i tunnelling m urban areas i t i s a major 
issue before and during construction. 
d) Lming and support systems d i f f e r considerably i n the two cases 
considered. 
e) The majority of settlement p r o f i l e s m tunnelling are s u b c n t i c a l 
( i n muiuig subsidence terminology) m contrast to most coal mining long-
wall faces. 
f ) Ground losses are very small m tunnelling while m mining they can 
reach appreciably high values. 
2.3 SURFACE SETTLEMENT RESULTING FROM SHIELD TUNNELLING IN SOFT GROUND. 
In order to define the magnitude of surface settlement due to 
shield tunnelling, some assumptions have to be made with respect to the 
main contributing factors and the nature and behaviour of the ground 
involved. 
As a f i r s t approximation - and assuming non-dilating, non-bulking 
ground - i t i s reasonable to suggest that the volume of the settlement 
p r o f i l e i s the sum of the volume of material entering at the face plus 
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the volume of the annular void behind the l i n i n g created by the t a i l -
skm. 
SZECHY (1970) also suggested taking mto account the volume 
resulting from the void created by material compression WT thxn a 
PROTODYAKONOV de-coupled arch (see Appendix 1). I t must be stressed, 
however, that SZECHY'S analysis primarily concerns cohesionless s o i l s 
where arching phenomena (such as the formation of the de-coupled arch) 
are possible. 
The second mam assumption i s that the ground density i s independent 
of depth, and that the shear strength increases l i n e a r l y with depth (see 
Appendix 2). 
In f a c t , making the assumption that the volume of the s o i l mass, 
which i s responsible for the loosening and thus the surface settlements, 
w i l l mobilize i n both cohesionless and f r i c t i o n l e s s materials the f u l l 
shearing resistance along a rupture plane with mclination(Z}5+0/2) Oto the horizonta 
i t i s possible (excluding arching phenomena) to use the same analysis for 
any kind of soft ground tunnelling. 
The geometrical arrangement of SZECHY'S op c i t model i s i l l u s t r a t e d 
m Figures 2-1.1 and 2.3-2. The former Figure shows a transverse 
settlement p r o f i l e (A) according to the model, and an actual measured 
p r o f i l e (B) caused by the hand excavation of a if. 1Zf6m diameter shield 
driven tunnel at an axis depth of 29-3m i n London clay. 
A comparison between the model and the actual case history reveals 
good compatibility between the two. The predicted magnitude of the span 
of the settlement trough (Y ) i s equal to 6Zf. 45m , while the measured span 
Y^  =2(RcosecB + ZcotG ) , and R = 2.07m, 2= 29-3m, and|3= 45° i f 0 = 0° 
(undrained shear deformation). 
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i s approximately equal to 70m. The l a t t e r exceeds the former by 8$. 
The forward extension (Y^) of a settlement p r o f i l e i s equal to 29.3m 
according to the model, and 19m according to m - s i t u measurements 
(3^.5# l e s s ) . 
Another i n t e r e s t i n g feature i s the difference i n the shape of the 
shear surface. A str a i g h t l i n e i n c l i n e d 45 degrees upwards i s assumed 
from the model whereas a curved surface may be postulated from the 
measurements as shown m Figure 2.3»2 (Note that X1, Y1, Z1, are 
measurement stations f o r settlement and horizontal ground movement and 
are on the centre l i n e of the tunnel ? s t a t i o n X1 i s actually s l i g h t l y 
displaced - 0.85m - from the centre l i n e ) . 
Now, l e t us assume that the volume of the settlement trough i s 
V _ and l e t the maximum settlement be s . Although, the delimiting surf max 
limbs of the settlement basin w i l l be sigmoidal, as a f i r s t approximation 
i t i s possible to assume that they are st r a i g h t and hence to regard the 
trough as a pyramid of height ^ m a x and of rectangular cross-section 
(Y^Y^). This approximation (which i s certainly v a l i d m the case of a 
harmonic p r o f i l e ) i s shown i n Figure 2.3«3« Accordingly, 
1 
^surf = ~% •^ase x Height or, 
V „ = -| ( R cosecB + Z cotR ) Z cot|3 s (2.3-1.) 
surf 3 max 
Applying the fundamental hypothesis that the volume of the s o i l included 
m the surface settlement curve (V „) must be equal to the volume of 
surf 
s o i l l o s t at the end of the tunnel (V ) due to the excavation (no d i l a -
exc 
t i o n i n the intervening strata) one may w r i t e : 
v - = v (2.3.2.) 
surf exc 
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Thus, the maximum settlement could be expressed as, 
s = ^ ^exc (2.3*3-) 
max yy 
or 
V 
Z 1 
2Z cotg (R cosecg + Z cotQ ) 
s = exc (2.3-^.) 
max 
The l a t e r equation i s obviously an incomplete relationship and might 
be useful as a f i r s t approximation only because the prediction of s e t t l e -
ment amplitudes at d i f f e r e n t planes along the p r o f i l e would be maccura-ce 
i f based on the planar trough side concept. 
Additionally, one could argue that inclinometer data suggest that 
t h i s idea i s not r e a l l y acceptable. I n order to overcome t h i s d i f f i c u l t y , 
either a harmonic analysis can be used or the p r o f i l e can be approximated 
to an error curve (the well known GAUSSIAN) along any section. 
Nevertheless, another approach of the a n a l y t i c a l expression for the 
transverse surface settlement p r o f i l e i s possible through the harmonic 
analysis. Figure 2.3«3« i l l u s t r a t e s the harmonic analysis*of the 
settlement semi-pro f i l e , so that the p r o f i l e i s resolved in t o a lmear 
component and into a harmonic component which can be approximated by a 
sine wave. 
Let therefore s^ be the v e r t i c a l settlement at any point on the 
p r o f i l e , and l e t be the same component on the linear p r o f i l e . 
F i n a l l y , l e t S q be the absolute difference between s^ and s^. The geometry 
of the arrangement indicates that, 
S2 h 4.1. * 2 1 s f o ^ c l 
= -— , therefore s = * max k2.3«5«^ s Z cot|3 2 - r?T 
max u Z cot 3 
This concept i s developed on the basis of P.B. Attewell's lecture notes 
(University of Durham, Academic year 1972-73). 
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Equation (2.3«5«) maybe approximated to 
s ~ d.s sin 2&1 (2.3.6.) 
2 max —™r 
Zcot 
where d i s a constant. 
Accepting that the slope of the settlement p r o f i l e i s horizontal at the 
point ( £=0, Zcot ), the constant (d) maybe designated as d = — . 
Since s^ = - S Q (2.3«7.) 
i t follows that the f i n a l relationship i s of the form, 
s„ = s I 1 2 i l l (2.3.8.) 1 max 7-R - rr s i n — 7= Z coty 2 Z cotg 
The point of i n f l e x i o n of t h i s p r o f i l e i s defined by the maximum slope, 
i . e . ds/d-C = 0 which gives a value of X = ^  c°t[3 
ATTEWELL and FARMER, (1972, 1974) based on SZECHY'S (1970) model developed 
an analysis assuming that the form of the a x i a l and transverse settlement 
p r o f i l e s can be approximated by the error function. They f i n a l l y 
derived the following relationship for the maximum settlement, 
s = ^exc (2.3.9.) 
max 
The l a t t e r equation i s m fact a more refined form of equation(2.3«1•) and 
can be written more a n a l y t i c a l l y as, 
s = ^exc (2.3.10.) 
m a x 4Z cotQ(R cosecQ+ Z cotg ) 
2.4. THE STOCHASTIC THEORY OF GROUND MOVEMENTS AND SURFACE SETTLEMENTS 
An important development took the form of a series of papers by 
LITWTNISZYN concerned with stochastic theory as a t o o l for settlement 
prediction. LITWINISZYN (1953, 1956, 1957, 1957b) proposed an abstract 
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model consisting of many layers of small uniform spheres m 3-cLimensions 
or discs m 2-dimensions f a l l i n g i n t o "cages" m a random manner under 
the action of gravity. In f a c t , the removal of a single sphere leaves 
an empty space which i s due to be occupied by another sphere which m 
turn creates a second void. The laws governing the upwards movement of 
voids or downwards movement of spheres are p r o b a b i l i s t i c . The trans-
location of a sphere from the point (X^, Z^) to X^ , Z^) m a Cartessian 
plane i s given by the d i f f u s i o n - l i k e d i f f e r e n t i a l equation 
A " =0 (2.4.1.) 
dx 2 ° Z 
where-P i s the pr o b a b i l i t y of the sphere moving down 
and A i s the coefficient with the dimension of length. 
The general solution to equation (2.4.1) i s 
P = S(X,Z) = - 1 f e x p f - ^ W "I (2.4-2.) 
where s(X,Z) i s the settlement at (X,Z) point. 
LITWINISZYN shows that equation (2.4-2.) takes the form of the w e l l -
known error curve 
s = s exp/ \ (2.4.3) 
max [—r—J 
2i 
where s i s the maximum settlement, max ' 
1 i s the standard deviation, or the displacement of the point of 
i n f l e x i o n on the settlement p r o f i l e from the v e r t i c a l centre plane 
of the disturbance, and 
s the settlement i n the point (X,Z) . 
I t may be argued that the model has certain disadvantages due to 
the following reasons. 
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a) I t completely ignores the stresses involved i n the settlement 
mechanism. 
b) As the spheres move always downwards there i s no accommodation 
for upwards ground movements, such as heave for instance, which, i t i s 
claimed, sometimes occurs. 
c) The model disregards the horizontal components of ground movements, so 
r e s t r i c t i n g i t s v a l i d i t y to setllement only. 
d) I t would be d i f f i c u l t to f i n d a r e a l geological material with the 
idealized properties of the uniform spheres as proposed. Even f o r the 
case of a granular s o i l the s i m i l a r i t y i s rather poor i f a f r i c t i o n or 
apparent cohesion m water-bearing strata i s taken i n t o account. Also, 
as has been f o r c i b l y noted by BERRY (1969) , from the mathematical point 
of view the model suffers by adopting the p r i n c i p l e of superposition. 
Indeed, VOIGHT and PARISEAU. (1970) stressed that the experimental 
evidence obtained with sand as a mediumdoes not support the v a l i d i t y of 
superposition. BODZIONY, LITWINISZYN and SMOLARSKI (196O) suggested a 
delinearization of the concept. No doubt such a process would probably 
introduce complexities such as the necessary formation of constitutive laws. 
I t i s accepted that every theory can only be judged by i t s performance 
when applied to actual practice. From that point of view, the stochastic 
concept does assume a certain v a l i d i t y . PECK ET AL (19&9) pointed out 
that the symmetrically-shaped settlement p r o f i l e over a tunnel may be 
approximated by the GAUSSIAN error curve not only on theore t i c a l grounds 
but, more importantly, on the grounds of convenience and easy-to-use 
properties of the function, which i s completely defined by the maximum 
settlement (s ) and the standard deviation ( 1 ) . The area under the max 
curve (the settlement volume per unit advance) i s given by 
V surf = \/2n x s max ...••(2.k'k») 
and xs a value of great xmportance for predxctxon of settlement 
especially xn tunnels drive^under urban areas. PECK (1969) supported 
the "stochastxc theory" by presenting i n a very a n a l y t i c a l and c r i t i c a l 
manner case studies of tunnels xn soft ground constructed and supported 
by varxous methods. 
However, the mam conclusxon xs that the error curve does f x t 
reasonably well the majorxty of cases, thus greatly assxstxng the 
engineer xn his calculatxons. 
2.5. PREDICTION OF SETTLEMENT ASSOCIATED WITH SOFT GROUND TUNNELLING 
The problem of settlement predxction consists of two quite separate 
parts. There i s the questxon of the shape of the settlement trough, and 
the questxon of ground loss xncurred durxng tunnellxng. These questxons 
are i n t e r r e l a t e d by common factors. For xnstance, knowledge of ground 
loss leads to the estxmatxon of V „, whxch xn turn xs related to the 
s u r f 
maxn parameters of the settlement trough. Accepting the arguments of 
PECK-(1969) and taking the "error functxon" as the most reasonable 
representatxon of the shape of a settlement curve, the problem xs one of 
the desxgnatxon of the standard devxatxon (x) or the maxxmum settlement 
(s ) for the defxnxtxon of the partxcular curve. By combxnxng results max 
from theoretxcal elastxc analyses and model tests on the basxs of stoch-
astxc theory, SCHMIDT (1969) derxved a relatxonshxp r e l a t i n g the geo-
metrxcal elements of the tunnel to the standard devxation 
( | ) = K C J L ) • • • • • (2 • 5 • ^  •) 
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where 1 i s the standard deviation for a normal d i s t r i b u t i o n of data, 
K i s a coefficient which i s very close to unity 
m i s an exponent equal to 0.8 
Equation ('2.5»1«) i s expressed independently of the type of s o i l . 
PECK (1969) confirmed i n d i r e c t l y the v a l i d i t y of SCHMIDT'S relationship 
by providing data for settlement over a number of tunnels. He conc-
luded that the r a t i o l/R appeared to be greater i n clay than m non-
cohesive s o i l s . 
SCHMIDT'S op c i t relationship i s p l o t t e d (Figure 2.5.1.) m the 
same graph with a similar function derived from SZECHY (1970) i f i t i s 
assumed that the span of transverse settlement p r o f i l e i s equal to 
= 6 1 (2.5.2.) 
Thus, 
2(R cosec3 + Z cotQ ) = 6 1 
Therefore 
1 = 2 (cosecB_ + _ ! _ c Q t B ) (2.5.3.) 
The graph reveals that the functions are very close to one another f o r 
the l i m i t s of 1^Z/2R ^ 9. For the tunnel under consideration, Z/2R = 7-07 
and R = 2.07- Therefore, the standard deviation i s 1 = 9.88m on the 
basis of SCHMIDT'S (1969) equation, and 1 = 10.2ifm according to the SZECHY 
(1970) model. 
* 
The assumption i s quite reasonable because i t i s known from the properties 
of the normal pr o b a b i l i t y curve that 99-7$ of the volume per unit advance 
i s contained within a transverse p r o f i l e span between the l i m i t s of -31 and 
+ 3 i . 
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MUIR WOOD (1970) has poxnted out the possxbxlxty that Schmxdt's 
value of the ratxo x/R mxght be fa x r l y relxable f o r shxeld drxven 
tunnels. In the derxvatxon of hxs equatxon SCHMIDT assumed that 
volume changes xn the subsxdxng mass can be neglected. PECK ET AL (1969) 
also argued that the equatxon can be used wxth ^onfxdence xn pred-
xctxng the wxdth of the settlement troughs xn clay, sxnce the xmmedxate 
soxl dxsplacements around a tunnel xn clay takes place xn an undraxned 
condxtxon and, thus, wxth l x t t l e or no volume change. 
In the context of ground loss, the percentage of the average 
settlement volume wxth respect to the theoretxcal volume, xs a 
useful xndex of loss of ground. 
Assumxng that the theoretxcal volume of excavatxon per unxt 
advance for a cxrcular tunnel xs 
V = 7iR2 (2.5.4.) 
exc 
The loss of ground mxght therefore be 
V t = b Vexc ° r VE " b (2.5.5-) 
where b xs a constant 
71 xs 3-U15. 
But accordxng to the maxn hypothesxs, whxch xs a modxfxed form of 
the mass conservatxon prxncxple, the volume of the ground under the 
surface settlement trough (V „) xs equal to the volume of loss of 
0 surf ^ 
ground xn the tunnel, (V^ ). 
Thus, 
V = V- , or ylzii i s = bnR2 or surf c ' max 
s b R max = 
E {ZH x 
or, m a x = ffl- i f Im/Jzn xs'wrxtten as C (2.5-6.) 
R 1 » 
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Taking i n t o account SCHMIDT'S relationship, 
s Z ~ m 
-Hp = d ( 2R0 (2.5-7.) 
where d = C/K 
Taking logarithms of both sides of equation (2.5-7-), we have 
s 2 
log( - J — ) = logd - mlog O^ g) 
or log( I R ) = ^ jjLogd - log (fmax)J 
and log( — R ) = log d - ^ /
m 
s 
/ max •> 
L_ R ; _1 
f m a l l y , 
log( | R ) = log I d ( - f ^ ) 
where 1/m = n . 
Nov/ taking antilogarithms, 
Z n S 
(—-g) - d ( —^— ) for convenience we substitute 
d 1 1 = A, therefore, 
( _|) = A( 3 j p ) " n (2.5.8.) 
Relation (2.5-8.) was proposed by MYRIANTHIS (1974a) and supported by the 
accompanied analysis of 40 case studies, (see Appendix 3). 
Coefficient A and exponent n of r e l a t i o n (2.5«8.) take values 
depending upon the s o i l type where the tunnel i s driven. 
On the other hand, the equality of volumes indicate that a linear 
relationship must exist between V „ and V , since V = Vfl and 
surf exc surf t 
Vg = bV . Indeed, the analysis of numerous case h i s t o r i e s indicated V exc 
(MYRIANTHIS op c i t ) that a relationship holds i n the form of 
V _ = bV + C (2.5.9.) 
surf exc 
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The coefficients b,C were determined through least squares regression 
techniques, and as m the case for maximum subsidence i t was found that 
b and C depend a great deal upon the properties of the ground, as shown i n 
Figures 2.5-k».2.5.5. As expected, the coef f i c i e n t b,which does re-
present a characteristic index of ground loss,is higher m the case of 
granular s o i l s -Chan for p l a s t i c clays. 
PECK (1969) suggested that many but not a l l s o f t ground tunnels 
can be discussed with respect to loss of ground and settlement on the 
basis of four p r i n c i p a l groupings of s o i l s granular s o i l s with no 
cohesion other than that imparted by c a p i l l a r i t y , cohesive granular 
s o i l s , non-swelling s t i f f to hard clays, and s t i f f to soft saturated 
clays. 
The c l a s s i f i c a t i o n system adopted for the present thesis i s more or 
less that of PECK op c i t . 
A graph of the dimensionless r a t i o Z/2E versus s /B has been 
plotte d m Figures 2.5-2. and 2.5«3« for the case of s t i f f p l a s t i c clay 
and saturated p l a s t i c clay plus granular s o i l respectively. In general, 
the f i t t i n g for the f i f t e e n cases of s t i f f p l a s t i c clay wilh the proposed 
equation (2.5*8.) i s quite satisfactory. I t appears that the pheonomeno-
l o g i c a l r e l a t i o n 
does reasonably represent the i n t e r r e l a t i o n s h i p between maximum s e t t l e -
ment and tunnel geometry. The same behaviour could be claimed for the 
case of granular s o i l and for p l a s t i c clay, but with less satisfactory 
r e s u l t s . 
Figures 2.5*2. and 2.5.3« indicate that there i s a " c r i t i c a l " value 
111a 
smax I L R J 9.35 2E (2.5.10.) 
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for the ratxo Z/2R, where the ratxo s m a x / ^ tends asymptotically to 
i n f i n i t y . Obviously, t h i s i s a purely theoretical consideration 
a t t r i b u t e d to the exponential nature of the proposed relationship, while 
i n actual practice the maximum settlement i s bound between certain 
upper l i m i t s imposed by the quality of workmanship and the implementation 
of ground s t a b i l i s i n g processes. 
Nevertheless, i t i s reasonable to accept that the deeper the tunnel, 
the more arching and thus the less the surface settlement. On the other 
hand, the larger the tunnel cross-section (high values for R), the higher 
V and V which m turn f a c i l i t a t e higher values of maximum s e t t l e -
CXC SIA3TI 
ment (s ). However, the mam argument m favour of the usefulness i s max 
of anyrelationship such as these proposed for settlement prediction i s 
that they are primarily addressed to design engineers as a f i r s t quick 
estimation of the extent and amplitude of settlement due to soft ground 
tunnelling. However, p r a c t i c a l and safety reasons bound the upper and 
lower l i m i t s for values of the r a t i o s Z/2R and s r a a x/^« ^ n that respect, 
arguments concerning,for example, an asymptotic behaviour for the functions 
involved, are of a rather academic value. F i n a l l y , i t i s worthwhile noting 
that the r a t i o Z/2R, m contrast to the case of s t i f f p l a s t i c clay, varies 
withi n a small range of values m the case of granular s o i l s , while the 
r a t i o of S m a x/R varies quite widely. The l a t t e r i s compatible with the 
*GETZLER et_al(l968) i n a series of experiments studied the loads on a r i g i d 
underground structure supported by a f l e x i b l e base when a uniformly d i s t r i b u t e d 
s t a t i c load acts on the ground surface. The aim of the experimental programme 
was the detection of any arching involved and the connection with the other 
factors which influenced the underground structure. The results obtained reveal 
that the amount of arching tends to increase but there i s more or less asymptotic 
behaviour towards an ultimate l e v e l of arching when the depth of the structure 
increased. In a more refined analysis GETZLER et_al(l970) also confirmed the 
existence of arching which again increases asymptotically with the depth/width 
r a t i o of the underground structure. 
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nature of granular s o i l s . 
A rather linear relationship between V „ and V appears m 
surf exc 
Figures 2.5«4« and 2. 5*5. which include case history data. The quality 
of f i t of the actual data reasonably j u s t i f i e s the proposed linear 
equation (2.5*9.)• This relationship i s of pa r t i c u l a r importance 
because i t provides a f i r s t approximation of the volume under the 
settlement curve per unit advance from estimates of the theoretical volume of 
tunnel excavation V . Also, an estimate of a mean value for loss of 
exc 
ground i s possible from the graphs of Figures 2.5«*f« and. 2.5«5« (the 
l a t t e r with more reservations). A p l o t of Z/2R versus the loss of 
ground i s i l l u s t r a t e d i n Figure 2.5.6. where, for reasons that are 
not immediately apparent, there i s a s t r i c t demarcation between cases 
i n granular s o i l s above and below the ground water table. The curve 
f i t t i n g for the cases of saturated p l a s t i c clay i s less successful, while 
there i s no correlation at a l l for the cases of s t i f f p l a s t i c clay. A 
Z/2R versus V£ relationship i s to be expected because 
Vj = (V „/V ) x 100 °4 (2.5.11.) 
I surf exc " 
Taking into account that, 
V , surf = \I2TI S i (2.5.12.) V max 
i t follows that equation (2.5.11-) can be wri t t e n 
V/> = ( Smax)( l ) /_ ,_ n * 11 CH~>( H ) (2.5.13.) 
s 
Substituting (—g—) and (-g) from relationships (2.5.8.) and (2.5«1«) 
respectively, 
m+n 
V£ = G( | R ) (2.5-14.) 
{z~n -n 
where G i s a constant equal to * — K A 
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Since m = 0.8 from equation (2.5 . 1 . ) and n = 0.057Zf from Figure 2.5.3. 
i t follows that, 
_ , z s0.857 
Vfc 2R; (2 .5.15.) 
Equation (2 .5*15) can be approximated by a linear relationship for the 
narrow domain of values 
0<^Z/2R 
Fin a l i s i n g the above analysis, i t i s worth noting that the phenomeno-
l o g i c a l relationships have been extracted under Lhe dominant assumption 
that the loss of ground i s a function of the square of the tunnel radius. 
This i s obviously a debateable point and p a r t i c u l a r l y i f MUIR WOOD'S 
(1970) analysis i s taken in t o consideration. According to that concept, 
the loss of ground in t o a shield-driven tunnel may e n t a i l the following 
contributory factors 
a) At the face, computed as = TiR^ h with normal l i m i t s ( 0 . 1 - 9 ) # , 
b) behind the cutting edge or bead of the shield Vg^ = 2nRt, with 
normal l i m i t s (0.1 - 0 .5 )$ , 
c) along the shield, = n€0v/8, with normal l i m i t s (0 - 1)%, 
d) behind the t a i l of the shield Vn, = nR(R - R ) with normal l i m i t s 
(0 - k)%-
where R i s the radius of the shield 
R q i s the external radius of the l i n i n g , 
t i s the r e l i e f behind the cutting edge , 
v i s the "look up" of shield measured as extent of out-of-plumb 
on v e r t i c a l diameter f 
£.„ i s the length of shield, 
h i s the horizontal movement of ground at face, per u n i t length 
of advance of shield. 
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Thus the t o t a l amount of ground loss may be expressed as: 
Y l = ni°V + 2TI t R + TIR(R - R q) + TfaR2 (2.5.16.) 
The second factor of equation (2.5«16.) i s l i n e a r l y related to tunnel 
radius and takes normal l i m i t s of 0.1 - 0.5.^ The t h i r d and fourth 
factors of the same equation arc functions of the square of tunnel 
radius and have normal l i m i t s of 0.1 - over l$>- The f i r s t factor i s 
apparently radius-independent. 
Adoption of the hypothesis that = f(R ) seems to be j u s t i f i e d 
since i t accounts f o r over l$> of the ground loss, while the hitherto 
ignored linear relationship Vj^  = f(R) accounts for only 0.5$. Because 
the above analysis has so far t o t a l l y ignored the r a d i a l loss of ground 
( l i n e a r l y related to tunnel radius), i t must be stressed that the l a t t e r 
becomes an a l l important factor for tunnels with small diameters where 
the face-take area (•'TtR ) i s very small. However, for greater precision, 
2 
the basic hypothesis of = bnR should r e a l l y be replaced by a linear 
polynomial of the second degree! 
= A q + A^ R + A 2R 2 (2.5.17-) 
but t h i s would tend to s a c r i f i c e s i m p l i c i t y for extra - and questionably -
more accuracy. 
Besides the stochastic approach of LITVINISZYN more recently an 
attempt has been made by FOLYAN et a l (1970) towards the use of decision 
theory as a t o o l for settlement prediction. In a case study involving 
settlements, the r e l i a b i l i t y of settlement predictions for San Francisco 
Bay mud was reported to f a l l withm + 20$ of the actual settlement. 
FOLYAN op. c i t . stated that p r o b a b i l i s t i c procedures provide a framework 
that can assist the engineer to organize, accumulate, inte r p r e t and 
evaluate experience. They can become a d i s t i n c t aid i n S o i l Mechanics 
and Foundation Engineering i f properly applied. 
2.6 THE DEVELOPMENT OF SURFACE SETTLEMENT PROFILES DURING SOFT 
GROUND TUNNELLING. 
Early knowledge of time-dependent ground movements m the s o i l mass 
above and around a tunnel i s v i t a l because i t could lead to a rough 
estimale of the deformation of tunnel walls as a function of the 
predicted earth response. I t has been shown that ground deformations 
which take place m the v i c i n i t y of a tunnel are ultimately reflected 
at the surface by the formation of a settlement trough. The implica-
t i o n of the time factor m Lhe genesis and progression of surface and 
sub-surface ground movements due to tunnel advance i s a complicated 
problem. Two possible alternatives are available i n order to study t h i s 
effect a rheological or a phenomenological approach. The l a t t e r can 
draw conclusions from the detailed study of a given number of case 
hi s t o r i e s (the more the better) ignoring bhe actual mechanisms which 
create the observed ground behaviour. As for the rheological approach, 
DEERE e t a l (1969) refer to these laws m a tunnelling context. They 
state that "since these laws are mathematical approximations of the r e a l 
behaviour under specified simple conditions, the effe c t of certain 
conditions that have l i t t l e influence on the behaviour under simple 
conditions, but may have greater influence under more complex conditions, 
may not be adequately accounted f o r . For t h i s and other reasons, i t i s 
not l i k e l y that predictions on t h i s base are accurate". 
This comment i s very true for tunnelling, where excavation com-
p l e x i t i e s and ground conditions may often vary over a distance of a few 
metres. However, i n a phenomenological context, and m the l i g h t of a 
very simple analysis of six available case studies, (see Table 2.6.1.) an 
attempt has been made to relate the progression of the surface settlement 
curve wxth the tunnel advance. The results xndxcate the exxstence 
of such a relatxon MYRIANTHIS (1974b). 
A typxcal surface settlement profxle appears xn Fxgure 2.6.1. and 
xt shows a faxr agreement wxth the normal probabxlxty curve. The 
standard devxatxon (x) xs located 15m from the tunnel's centre lxne and 
the curve xs convergxng towards the poxnt of zero settlement at a dxstance 
of more than 35m* Thxs dxstance xs reasonably comparable wxth the 45m 
dxstance whxch mxght be expected from the propertxes of the normal 
probabxlxty curve (j>i = 45m )• 
Fxgure 2.6.2- x l l u s t r a t e s how the evolutxon of the profxle relates 
to the posxtxon of the shxeld, from the same graph there xs evxdence 
that ground movements orxgxnate when the plane of the shxeld face xs 
located over 20m from the datum plane. Thus, at a dxstance of 20m 
(tunnel approaching) the s xs 8% of the measured s xn the fxnal 
max max 
profxle. 23% at 10m and 47$ durxng shxeld passage. The calculatxon xs 
based on the assumptxon that s has reached xts maxxmum when the shxeld 
max 
xs located 36m away from the datum poxnt. Of course, small movements 
may contxnue on the surface over a longer perxod of txme and xn that case 
the lxmxt of 36m seems arbxtrary. 
Nevertheless, xt mxght be claxmed that these small movements do not 
greatly xnfluence the safety of any overlyxng structures sxnce such 
amplitudes of movement could effectxvely be absorbed wxthout any drastxc 
d x f f e r e n t i a l settlement xn the foundation of a buxldxng. 
The second graph xn Fxgure 2.6. 1, xs a relatxonshxp between the s m a x 
and the tunnel advance. As far as cases 5 and 6 are concerned xn Fxgure 2. 
thxs relationship takes the form of a modified normal d i s t r i b u t i o n function. 
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However, the point of i n f l e x i o n on the settlement development p r o f i l e 
occurs when the tunnel advance i s zero, that i s , during shield passage, 
the non-symmetric r i g h t hand part of the curve being a t t r i b u t e d to the 
slow convergence u n t i l an ultimate s i s reached. ° max 
Data m Table 2.6.1. have again been plott e d m a semi-dimension-
less manner m an attempt to normalize the s parameter. I t i s to be 
max 
expected from the equation (.2.5.8.) that the r a t i o s m a x / ^ increases as 
Z/2R decreases, as shown m Figure 2.6.1. From the same graph i t could 
be argued that i n almost a l l cases the r a t i o s m a x / ^ converges for 
p r a c t i c a l purposes when the tunnel advance i s between 40 to 50m away 
from the point m question, and also that the ground disturbances s t a r t 
when the tunnel approaches to within a distance of -15 to -10m. 
Another feature of t h i s p a r t i c u l a r graph i s that cases 2, ki 5 and 6 
reasonably approximate to a normal p r o b a b i l i t y curve, but m case 3 there 
i s no point of i n f l e x i o n at a l l . 
F i n a l l y , i t may be noted that the points of i n f l e x i o n seem to 
develop at a distance of between 0 and +10m with an apparent tendency to 
move towards the zero as the r a t i o Z/2R increases. Nevertheless, the 
above analysis indicates that the graph of S r a a x/R versus the tunnel advance 
can be approximated to a modified normal d i s t r i b u t i o n function with the 
point of i n f l e x i o n l y i n g between 0 and 10m along the tunnel advance axis. 
Clearly, there i s a need for more case studies to be examined i n order to 
confirm or modify the implied trend. U n t i l then, the above conclusions 
must serve as general guidelines only. 
CHAPTER 3 
DESCRIPTION OF IN-SITU MEASUREMENTS 
3-1 INTRODUCTION 
The present Chapter *describes the methods of m - s i t u measurements 
which formed part of a research programme aimed at determining ground 
deformations caused by hand excavation of a 4«15«i external diameter 
shield driven tunnel at an axis depth of approximately 30m m London clay. 
3.2 DESCRIPTION OF THE WORKING SITE 
The section of the tunnel chosen for detailed observation was the 
i n i t i a l length of the northbound North tunnel s t a r t i n g from the working 
access shafts at Green Park station (Figure 3'2.1.). This tunnel forms 
part of the stage one contract l e t by London Transport Executive for the 
new Fleet Line comprising 2^miles of a l p diameter double tunnel from 
the Strand to Trafalgar Square station via Green Park and Bond Street 
to Baker Street s t a t i o n , where i t w i l l take over the existing 11 miles of 
the Stanmore Branch of the Bakerloo lme. 
The northbound North section was chosen because, wibh the exception 
of a short length of tunnel m Regents Park, i t i s the only part of the 
new l i n e passing through ground that i s r e l a t i v e l y unaffected by other 
services, surface structures or surface cover, excluding some recent s i t e 
concrete. The ground comprises mainly blue and brown London clay over-
l a i n by a t h m layer of sand/gravel. 
3.3 IN-SITU MEASUREMENT METHODS 
As was stated by ATTEWELL and FARMER (1972 197 O the choice of i n s t r u -
mentation was governed by the need to obtain a s u f f i c i e n t l y high degree of 
Most of the description i n Lhis Chapter i s taken from Attewell & Farmer (1972) 
accuracy to record the small surface and subsurface movements expected 
to r e s u l t from the tunnel excavation, whilst at the same time retaining 
s u f f i c i e n t s i m p l i c i t y to permit a large number of observations to be 
recorded over the short time period during which the instrumented ground 
was under the influence of the tunnel excavation. 
The instrumentation for the tunnel i s described m the next part 
(3-^-) of the present Chapter where i t can be seen that v e r t i c a l surface 
movements were monitored using a precise Cooke lev e l at stations estab-
lished along three lines normal to the tunnel centre l i n e and approxi-
mately 9«i apart (see Figure 3*2.2.). The design of the TBM (temporary 
bench mark) at Green Park i s shown m Figure 3*3*1* together with the 
design of the actual survey stations. A detailed scale layout (cross-
section) of the boreholes and inclinometer access tubes with the exact 
position of each magnetic r i n g as i n i t i a l l y located on each tube i s 
i l l u s t r a t e d m Figure 3*3*2. 
For safety precautions with respect to possible water inflow at the 
tunnel during construction i t was decided that the centre l i n e boreholes 
should be terminated 1.5m above s o f f i t l e v e l . Similarly, the nearest 
encroachment of borehole X2 to the sprmgline i s approximately the same. 
I t would appear that the borehole arrangement i s well designed for the 
work that was undertaken. Equally, i t could be argued that there were 
two drawbacks 
a) The tubes i n boreholes X2, Y2, Z2, XJ>, Y3 not m the centre l i n e were 
nob extended below the tunnel axis l e v e l . To some extent t h i s i n h i b i t e d 
the measurement of the complete ground movement pattern around the tunnel 
and s p e c i f i c a l l y below the invert horizon. 
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b) In retrospect, i t would undoubtedly have been very useful i f a 
borehole had been placed at a horizontal distance greater than 10ra from 
the tunnel centre l i n e i n order more precisely to demark the boundaries 
between the 'disturbed' and the undisturbed 1 ground.* 
3.k INSTRUMENTATION 
In order to detect sub-surface horizontal and v e r t i c a l ground 
movements through the 100mm diameter boreholes, inclinometers and s e t t l e -
ment gauges were used. The Soil Instruments torpedo inclinometer incor-
porating a d i g i t a l read out has a resolution of + 1m horizontal deflection 
computing to +0lmm. I t operates inside an aluminium access tube grouted 
into the borehole. A clay-cement grout designed to have a three months 
strength equal to that of the surrounding clay i n f i l l s the annulus between 
borehole wall and tube. The borehole tube i t s e l f has four keyways dividing 
the tube's circumference i n t o four equal parts. Two diametrically opposed 
keyways were located p a r a l l e l to the longitudinal axis of the tunnel, while 
the other two were at r i g h t angles to i t . Nevertheless a set of 
readings comprised one run up and one run down each tube at k x 90° settings 
m order to give maximum accuracy of readings m two orthogonal directions. 
Readings were taken at every meter of torpedo t r a v e l down the tube. As 
HANNA (1973) has pointed out,the precision of inclinometer measurements 
may d i f f e r s i g n i f i c a n t l y from the precision of the inclinometer system as 
a whole. The mam factors a f f e c t i n g any observations are. 
a) possible s p i r a l l i n g of the casing, check tests eliminated t h i s p o s s i b i l i t y , 
b) a lack of r e p e a t a b i l i t y of the reading position, 
c) the s e n s i t i v i t y and therefore dependence of the inclinometer to 
temperature and humidity change, 
and f i n a l l y , 
* There were, however, p r a c t i c a l on-site d i f f i c u l t i e s which tended to m i l i t a t e 
against adopting t h i s course of action. 
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d) the s k i l l of the observer. 
In order to detect v e r t i c a l ground movements, an e l e c t r i c a l borehole 
settlement system was provided which comprised four or more magnetic 
rings located at various depths i n each borehole and located on the out-
side of the aluminium access tube. The accuracy of these measurements 
was estimated at + 1mm and attempts were always made to r e s t r i c t the 
taking of these readings to a single observer m order to l i m i t the personal 
error. These settlements were measured from the surface by the use of 
an audible 'bleeper' relay u n i t which was lowered down the hole on the end 
of a steel tape. As the moving relay probe entered the magnetic f i e l d 
created by the rings, closed contact was established and the r i n g position 
established by audible note. Four measurements were taken - entering and 
leaving the magnetic f i e l d on both the up and down runs - and the average 
of these four measurements was taken. The v e r t i c a l surface settlements 
(accuracy + 0.1mm) were monitored using a COOKE SkkO precise l e v e l at 
stations established along three lines normal to the tunnel direction of 
advance. The readings of the surface movements and settlements were 
obtained by precise l e v e l l i n g , t r iangulation and t r i l a t e r a t i o n surveying 
to the caps of the access tubes and to other stations forming a surface 
g r i d . Use was also made of the NPL Mekometer for precise i n t e r - s t a t i o n 
distance measurements. 
Daily surveys and instrument readings were taken for approximately 
25 days a f t e r which i t had been estimated that the ground disturbance would 
cease. During that period, the tunnel advance was observed with precision, 
thus making i t possible subsequently to correlate the measured ground move-
ments as a function of face advance or, m ef f e c t , as a function of time. 
CHAPTER k 
GROUND DEFORMATIONS ASSOCIATED WITH SHIELD TUNNELLING IN LONDON CLAY. 
k.1 INTRODUCTION 
The present Chapter attempts to describe the ground disturbance which 
occurs during shield tunnelling m the overconsolidated s t i f f fissured 
London Clay.* 
In p a r t i c u l a r , an e f f o r t i s made to define the main factors which might 
affec t the form and the magnitude of the recorded ground movement. Due 
recognition i s made of the influence of time m the tunnelling process. 
k.2 VERTICAL SURFACE AND SUBSURFACE GROUND MOVEMENTS 
Typical surface (continuous l i n e s ) and subsurface (broken li n e s ) s e t t l e -
ments measured by precise l e v e l l i n g and by the settlement l i n g relay system 
are shown m Figures Zf.2.1. to Zf.2./f The v e r t i c a l settlement development 
p r o f i l e s relate to boreholes X1, Y1 Z1, which l i e above the tunnel centre 
l i n e . + Similarly, v e r t i c a l settlement development p r o f i l e s are shown for a 
series of v e r t i c a l planes p a r a l l e l to the tunnel centre l i n e . I n t h i s case, 
the settlements were monitored for d i f f e r e n t depths m the boreholes X2, X3, 
Y2, Y3 and Z2. 
A l l the above Figures take the form of graphs where the abscissa 
represents the distance between the p a r t i c u l a r borehole and the plane of 
the face of the shield. The tunnel advance i s denoted by the l e t t e r "A" 
and i s measured m metres m a direction p a r a l l e l to the tunnel centre l i n e . 
The ordinate represents v e r t i c a l settlement denoted by the l e t t e r "s" and 
measured i n mm. Each curve refers to a par t i c u l a r depth. A l l the carves 
Much of the description i n t h i s Chapter and some of the comment i s taken from 
ATTEWELL & FARMER (1972). report to T.R.R.L. 
X1 was s l i g h t l y displaced (0.85m) from the centre l i n e . 
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have been drawn m by eye as b e s t f i t s t o t h e d a t a p o i n t s and x t i s t o be 
e x p e c t e d t h a t maximum v e r t i c a l s u r f a c e and s u b s u r f a c e s e t t l e m e n t s w i l l have 
o c c u r r e d m b o r e h o l e s X1, Y1, Z1 above t h e t u n n e l c e n t r e l i n e . 
The graphs m F i g u r e s i f 2.1., A.2.2. and if.2.3- i n d i c a t e I h d L when -cne 
s h i e l d f a c e i s e x a c t l y below t h e p a r t i c u l a r b o r e h o l e ( o r when A = zero m e t r e s ^ 
t h e s e t t l e m e n t development c u r v e t e n d s t o i t s p o i n t o f i n f l e x i o n . They a l s o 
show t h a t t h e maximum v a l u e o f s u r f a c e and s u b s u r f a c e s e t t l e m e n t c o i n c i d e s 
w i t h t u n n e l advance d i s t a n c e s o f 10 t o 20 metres beyond t h e b o r e h o l e p o i n t 
under c o n s i d e r a t i o n . I n o r d e r t o n o r m a l i z e t h e s e t t l e m e n t development 
c u r v e f o r t h e b o r e h o l e s X1, Y1 and Z 1 , graphs a r e shown i n F i g u r e Zf.2.5-
t o r e l a t e s/s v e r s u s A/z ( t u n n e l a d v a n c e / d e p t h ) . From these graphs i t i s max ° 
c l e a r t h a t t h e maximum s e t t l e m e n t s has o c c u r r e d f o r v a l u e s o f A/z r a n g i n g 
max ° 
between 1/3 t o 2/3. A n o t h e r g r a p h m F i g u r e 4*2.6. i l l u s t r a t e s t h e d e v e l o p -
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ment o f maximum s and u l t i m a t e s ,, s e t t l e m e n t w i t h d e p t h . I t i s e v i d e n t max u l t 
f r o m thees graphs t h a t s e t t l e m e n t i n c r e a s e s w i t h d e p t h , and i f t h e t r e n d o f t h e 
r e l a t i o n s h i p h o l d s , t h e n by e x t r a p o l a t i o n t h e a m p l i t u d e o f s e t t l e m e n t a t 
s o f f i t l e v e l may be a p p r o x i m a t e d t o a v a l u e o f 22mm. F i g u r e s L.2.1*, 4*2.2., 
4«2.3« and 4-2-5. p o i n t t o t h e f a c t t h a t t h e r e i s some a p p a r e n t u p l i f t o f 
t h e g r o u n d above t h e s o f f i t f o l l o w i n g t h e o c c u r r e n c e o f maximum s e t t l e m e n t . 
We may n o t e two p o i n t s . F i r s t , s i g n i f i c a n t u p l i f t o c c u r r e d o n l y f o r t h e 
X1 and Z1 b o r e h o l e s , w h i l e f o r Y1 t h e r e i s l e s s f i r m e v i d e n c e . Second, 
t h e a c c u r a c y o f t h e measurements i s e s t i m a t e d a t + 1mm, w h i l e t h e r e c o r d e d 
u p l i f t i s 3 ™ f o r X1 and 2mm f o r Z 1 , b e i n g more o r l e s s w i t h i n t h e range o f 
e r r o r i n measurement. A l t e r n a t i v e l y , t a k i n g f o r g r a n t e d t h a t t h e u p l i f t 
r e a l l y d i d o c c u r i t may be a r g u e d t h a t t h e y a r e some reasons f o r j u s t i f y i n g 
such a g r o u n d b e h a v i o u r . These a r e d i s c u s s e d i n Chapter 6 i n some d e t a i l . 
* 
U l t i m a t e s e t t l e m e n t i s t h e magnitude o f s u r f a c e s e t t l e m e n t when t h e 
t u n n e l advance i s o v e r 70m beyond t h e p a r t i c u l a r c r o s s - s e c t i o n . 
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V e r t i c a l s e t t l e m e n t s a t b o r e h o l e s X2, X3, Y2, Y3 and Z2 w h i c h a r e 
l a t e r a l l y d i s p l a c e d f r o m t h e t u n n e l c e n t r e l m e a r e , f o r o b v i o u s r e a s o n s , 
o f r e d u c e d a m p l i t u d e . T h i s s e t t l e m e n t r e d u c t i o n w i t h l a t e r a l d i s t a n c e 
f r o m t h e t u n n e l c e n t r e l i n e i s r e f l e c t e d by t h e f o r " i o f t h e t r a n s v e r s e s e t t l e -
ment t r o u g h (see F i g u r e i f . 2 . i f . ) w h i c h conforms q u i t e r e a s o n a b l y t o a n o r m a l 
p r o b a b i l i t y c u r v e w i t h i t s p o i n t o f i n f l e x i o n 50$ f u r t h e r d i s p l a c e d from t h e 
c e n t r e l i n e t h a n w o u ld be p r e d i c t e d on t h e b a s i s o f SCHMIDT'S (19^9) e q u a t i o n 
(see Chapter 2 . ) . ATTEWELL and FARMER (197*0 argue t h a t such a d i s c r e p a n c y 
i i i i g h t be e x p l a i n e d ab l e a s t q u a l i t a t i v e l y f r o m t h e measurement e v i d e n c e o f some 
p o s t - s h i e l d c o n t r a c t i o n and c o n s e q u e n t i a l e x t e n s i o n o f h o r i z o n t a l and v e r t i c a l 
t u n n e l axes r e s p e c t i v e l y . 
These d e f o r m a t i o n s c o u l d be p a r t i a l l y r e s p o n s i b l e f o r t h e f l a t t e n i n g 
t endency a t t h e base o f t h e maximum s u r f a c e s e t t l e m e n t t r o u g h , w h i c h p r o b a b l y 
i s an a t t e n u a t e d m a n i f e s t a t i o n o f t h e u p l i f t e f f e c t m e n t i o n e d e a r l i e r . 
HANSMIRE and CORDING (1972) r e p o r t e d on t h e p e r f o r m a n c e o f a s o f t g r o u n d 
t u n n e l on t h e Washington metro b o r e d i n r i v e r t e r r a c e d e p o s i t s o f P l e i s t o c e n e 
age. S o i l s m t h e t o p h e a d i n g were p a r t i a l l y cemented sand and g r a v e l and 
s i l t y sand. The r e m a i n d e r o f t h e h e a d i n g c o n s i s t e d o f c l a y e y and s i l t y 
zones, w i t h shear s t r e n g t h s o f an o r d e r o f 72 kN/m . The c o n t r a c t o r used a 
6.ifm d i a m e t e r s h i e l d , and s a n d - c e m e n t - b e n t o n i t e g r o u t was pumped b e h i n d t h e 
p o l m g p l a t e s a f t e r c o m p l e t i o n o f each shove. The a u t h o r s s t r e s s e d t h a t t h e 
t y p i c a l s u b s u r f a c e s e t t l e m e n t s measured by exten s o m e t e r s i n d i c a t e d t h a t t w o -
t h i r d s o f t h e movement o c c u r r e d o v e r t h e s h i e l d . The r e m a i n i n g o n e - t h i r d 
o c c u r r e d w i t h i n a b out s i x shoves a f t e r t h e t a i l passed t h e i n s t r u m e n t . Only 
o n e - t h i r d o f t h e s u r f a c e s e t t l e m e n t s c o u l d be a t t r i b u t e d t o movements o v e r 
t h e s h i e l d and t h e r e m a i n i n g t w o - t h i r d s o c c u r r e d b e h i n d t h e t a i l . The d e l a y 
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xn t h e t o t a l development o f t h e s u r f a c e s e t t l e m e n t appeared t o be r e l a t e d t o 
t h e change f r o m a t h r e e - d i m e n s i o n a l t o a t w o - d i m e n s i o n a l d i s p l a c e m e n t 
geometry as t h e t u n n e l h e a d i n g was advanced. A s u r f a c e p o i n t i s i n f l u e n c e d 
n o t o n l y by deep movements i m m e d i a t e l y b e n e a t h t h e s u r f a c e p o i n t b u t a l s o by 
t h e deep movements s e v e r a l shoves ahead o f and b e h i n d t h e p o i n t . 
4-3 HORIZONTAL SUBSURFACE GROUND MOVEMENTS 
The i n c l i n o m e t e r r e c o r d s were p r e s e n t e d m a manner somewhat s i m i l a r 
t o t h e s e t t l e m e n t development c a r v e s . The cu r v e s t a k e t h e f o r m o f a s e r i e s 
o f c o n t i n u o u s r e c o r d s o f h o r i z o n t a l d e f l e c t i o n w i t h d e p t h , each g r a p h b e i n g 
r e l a t e d t o a p a r t i c u l a r t u n n e l advance w i t h r e s p e c t t o t h e p o s i t i o n o f t h e 
i n c l i n o m e t e r t u b e . 
I n F i g u r e s 4.3.1. and Zf.3-2. d e f l e c t i o n b o t h m t h e d i r e c t i o n o f t u n n e l 
advance p a r a l l e l t o t h e l i n e o f advance and t r a n s v e r s e l y t o w a r d s t h e t u n n e l 
c e n t r e l i n e m a d i r e c t i o n n o r m a l t o t h e l i n e o f advance a r e r e g i s t e r e d as a 
p r s i t i v e d i s p l a c e m e n t . 
On t h e l i n e o f t h e t u n n e l ( F i g u r e 4-3-1-) s i g n i f i c a n t movement d i d n o t 
o c c u r u n t i l t h e t u n n e l f a c e approached w i t h i n 5m o f t h e i n c l i n o m e t e r b o r e -
h o l e s . T h i s i s c o n f i r m e d by t h e X1 r e c o r d b u t n o t by t h e Y1 and Z1 r e c o r d s . 
H o r i z o n t a l t r a n s v e r s e d i s p l a c e m e n t p r o f i l e s a r e shown m F i g u r e 4«3«2. 
Bo r e h o l e s Z1 and Y1, b e i n g on t h e p l a n e o f symmetry, were n o t s u b j e c t e d t o 
any movement n o r m a l t o t h e d i r e c t i o n o f t u n n e l advance. B o r e h o l e X1 was 
o f f s e t 0.8if5m from t h e t u n n e l c e n t r e l i n e and m o n i t o r e d a f a i r l y u n i f o r m 5mm 
movement towards t h e c e n t r e l i n e a t t h e base o f t h e h o l e 1.5m above t h e s o f f i t . 
From t h e same F i g u r e b o r e h o l e s X2, Y2 and Z2 c o n f i r m t h i s d e f o r m a t i o n t r e n d , 
i n d i c a t i n g a u n i f o r m and a p p a r e n t l y l o c a l i z e d component o f d e f o r m a t i o n towards 
t h e t u n n e l o p e n i n g a t a x i s l e v e l o f between 6 and 8mm f o r X2 and Y2 and 2 t o 3mm 
f o r Z2. F i g u r e s if.3«1» and if.3«2. r e v e a l t h a t t h e h o r i z o n t a l d e f l e c t i o n d i d 
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r e d u c e r a p x d l y t o u a r d s t h e ground s u r f a c e . 
F i n a l l y , t h e h o r i z o n t a l g r o u n d movement p a r a l l e l t o t h e t u n n e l a x i s 
above s o f f i t l e v e l , and as r e l a t e d t o t h e t u n n e l advance, can be e x p l a i n e d 
by t h e compression e x e r t e d a t t h e f a c e t h r o u g h t h e a c t i o n s o f t h e s h i e l d 
rams when s h o v i n g o f f t h e l a s t r i n g o f l m m g segments. T h i s t h r u s t a l t e r s 
t h e s t a t e o f a c t i v e p r e s s u r e o f t h e c l a y m f r o n t o f t h e f a c e t o one o f 
p a s s i v e p r e s s u r e . Thus, n o t i n g t h a t f o r t h e t u n n e l i n q u e s t i o n up Lo t e n 
50 tonnes rams may have been used t o a maximum 50$ power so e x e r t i n g a t o t a l 
t h r u s t o f 250 t o n n e s , i t seems r e a s o n a b l e t o expe c t a l o c a l movement m t h e 
d i r e c t i o n o f t u n n e l advance r a t h e r t h a n an i n t r u s i v e d e c o m p r e s s i o n a l move-
ment towards Lhe f a c e . 
WARD (1970) p u b l i s h e d d a t a f r o m measurements on s u b s u r f a c e movements d u r i n g 
t h e c o n s t r u c t i o n o f t h e V i c t o r i a L i n e m London Clay. Two s e t s o f o b s e r v a t i o n s 
o f t h e convergence o f t h e London GLay tow a r d s t h e t u n n e l were made by means 
o f s l e e v e d r o d s anchored a t one end i n t h e c l a y and w h i c h extended t o near b y 
u n d e r g r o u n d s t r u c t u r e s where r e f e r e n c e p o i n t s were e s t a b l i s h e d . A s e t o f 
l a t e r a l convergence measurements a t t h e a x i s l e v e l o f t h e a p p r o a c h i n g t u n n e l 
were made w i t h r e f e r e n c e t o an e x i s t i n g p a r a l l e l t u n n e l a t t h e same l e v e l and 
8.3m c l e a r o f t h e t u n n e l under c o n s t r u c t i o n . The r e s u l t s a r e i n good a g r e e -
ment w i t h t h e p r e s e n t f i n d i n g s . T h i s i s n o t v e r y s u r p r i s i n g because WARD op c i t 
d e s c r i b e s a t u n n e l w h i c h , f r o m t h e p o i n t o f v i e w o f c o n s t r u c t i o n and g r o u n d 
c o n d i t i o n s , i s q u i t e s i m i l a r t o t h e t u n n e l c o n s i d e r e d m t h e p r e s e n t t h e s i s . 
H i s second s e t o f a x i a l convergence measurements were made a t t h r e e p o i n t s a t 
a x i s l e v e l m f r o n t o f t h e f a c e o f t h e same t u n n e l . R e s u l t s o f t h i s s e t 
i n d i c a t e a v e r y s m a l l a x i a l d i s p l a c e m e n t o f 1.27mm c l o s e t o t h e edge o f t h e 
f a c e compared w i t h t h e d i s p l a c e m e n t o f 17.2mm a t t h e a x i s . T h i s i m p l i e s a 
s t r o n g d o m e - l i k e s h e a r i n g o f t h e c l a y a t t h e f a c e as i t i n t r u d e s . 
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4«4» TIMING THE SHIELD'S DRIVE AND INTERRELATING I T TO THE GROUND 
MOVEMENT PATTERN. 
The p a r t i c u l a r c o n s t r u c t i o n a l c o n d i t i o n s a r e c e r t a i n l y one o f t h e 
maj o r f a c t o r s w h i c h a f f e c t t h e s t a b i l i t y o f t h e s o i l i n t h e v i c i n i t y o f 
a t u n n e l . Ground l o s s , s u r f a c e and s u b s u r f a c e s e t t l e m e n t s and ground 
movements a r e i n f l u e n c e d by t h e e x c a v a t i o n method chosen and t h e manner m 
whi c h t h e s t a b i l i z a t i o n has been a c h i e v e d . The t u n n e l under d i s c u s s i o n was 
o f t h e hand-excavated, s h i e l d - d r i v e n c i r c u l a r t y p e , w i t h a r a d i u s o f 2.073m 
( e x t e r n a l s h i e l d r a d i u s ) , l y i n g a t an average d e p t h o f 29.6m t o a x i s l e v e l 
i n London c l a y . The l e n g t h o f t h e s h i e l d was 2.36m and t h a t o f t h e t a i l -
p i e c e was 0.915m? g i v i n g a t o t a l l e n g t h o f 3-275m« On t h e o u t s i d e o f t h e 
c u t t i n g edge o i an upper 180 degrees bead o f 6.5mm t h i c k n e s s was p r o v i d e d i n 
o r d e r t o f a c i l i t a t e g u i d a n c e and t o reduce f r i c t i o n on t h e s k i n as t h e s h i e l d 
was pushed f o r w a r d o f f t h e l a s t r i n g o f l i n i n g s u p p o r t . Some f e a t u r e s o f 
the s h i e l d , w i t h t h e c o n f i g u r a t i o n o f "Che major ground l o s s a r e a s a r o u n d i t , 
a r e shown u i F i g u r e 4- 4»1 and t h e g r a p h o f t u n n e l advance v e r s u s t u n e i s 
shown i n F i g u r e 4«4«2. A l t h o u g h some d i f f i c u l t y a r o s e when e s t i m a t i n g an 
average r a t e o f t u n n e l advance, i t seemed r e a s o n a b l e a l s o t o m c l u d e t h e h a l t 
p e r i o d s m o r d e r t o a c h i e v e a more r e p r e s e n t a t i v e o v e r a l l r a t e . C a l c u l a t i o n s 
on t h a t b a s i s gave an average r a t e o f advance o f 0.134m/h o r 2.23 mm/mm. 
A l s o , as shown m F i g u r e s if . 2 . 1 . , if.2.2. and 4-2-3-1 c a l c u l a t i o n s w i t h r e s p e c t 
t o t h e average maximum d e f o r m a t i o n r a t e o f an element o f c l a y d i r e c t l y above 
t h e s o f f i t p r o d u c e d t h e v a l u e o f 0.005 mm/mm. , (ATTEWELL & FARMER, 1972). 
I t i s a l s o p o s s i b l e t o g e n e r a t e f r o m t h e s e t h r e e F i g u r e s a f a m i l y o f * 
cu r v e s r e p r e s e n t i n g t h e change m r a t e o f s e t t l e m e n t as a f u n c t i o n o f t u n n e l 
advance. These curves a r e shown i n F i g u r e 4«4-3« and i t may be conclud e d 
t h a t f o r t h e b o r e h o l e X1 t h e r a t e of s e t t l e m e n t maximizes a t t h e t i m e o f 
passage o f t h e t u n n e l f a c e beneath t h e b o r e h o l e . I n t h e case o f b o r e h o l e s 
* T h i s was an i d e a developed by t h e a u t h o r and a d o p t e d by ATTEWELL and FARMER(1972). 
The c a l c u l a t i o n and p l o t t i n g o f t h e curves (Fig.4.4-3) was c a r r i e d out by t h e 
a u t h o r . 
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Y1 and Z1, t h e maximum s e t t l e m e n t r a t e s o c c u r r e d when t h e s h i e l d was 5 t o 
10 metres away fr o m t h e b o r e h o l e m q u e s t i o n . The c u r v e s a r e s e n s i b l y 
s y m m e t r i c a l a b o u t t h e p a r t i c u l a r t u n n e l advance p o m t zer o f o r X1, about 
5m f o r Y1 and a b o u t 10m f o r Z 1 . T h i s symmetry r e v e a l s t h a t t h e r e i s l i t t l e 
o r no phase s h i f t m t h e s e t t l e m e n t curve f o r t h e d i f f e r e n t g round h o r i z o n s . 
F i n a l l y , by p l o t t i n g t h e maximum f o r each o f t h e above cu r v e s v e r s u s 
d e p t h and t h e n e x p r e s s i n g them as a f u n c t i o n o f t i m e , i t i s p o s s i b l e m 
F i g u r e i f . i f . i f . t o e x p r e s s t h e maximum r a t e o f s e t t l e m e n t as a f u n c t i o n o f d e p t h . 
T h i s F i g u r e i n d i c a t e s t h e " s e t t l e m e n t v e l o c i t y " o f a c l a y column on t h e c e n t r e 
l i n e o f t h e t u n n e l above s o f f i t l e v e l . The c u r v e appears t o f o l l o w a h y p e r -
b o l i c f o r m w h i c h may be a p p r o x i m a t e d by t h e a n a l y t i c a l e x p r e s s i o n , 
z = ( d s / d t ) U.Jf.1.) 
max 
where z i s a d e p t h below g r o u n d , 
2 — 1 2 
a i s a c o e f f i c i e n t w i t h d imensions L T , mm /mm, 
and ( d s / d t ) i s t h e maximum r a t e o f s e t t l e m e n t f o r p o i n t s on t h e max 
c e n t r e l i n e o f t h e t u n n e l above s o f f i t l e v e l . 
From t h e e s t i m a t e d average d e f o r m a t i o n r a t e o f c l a y a t t h e s o f f i t (0.005 mm/mm) 
i t f o l l o w s t h a t an element o f c l a y r e q u i r e s 1300 m i n u t e s m o r d e r t o r e a c h t h e 
s k i n o f t h e shniLd a f t e r d e f o r m i n g t h r o u g h a d i s t a n c e o f 6.5mm. I t i s e s t i m a t e d 
t h a t 1300 m i n u t e s c o r r e s p o n d s i n terms o f t u n n e l advance t o a d i s t a n c e o f 
2.9"i« Consequently, t h e element o f d e f o r m m g s o i l docs m f a c t 1 each t h e 
t a i l p i e c e because t h e l e n g t h o f s h i e l d and t a i l (2.36 + 0.915m) i s o b v i o u s l y g r e a t e r 
t h a n t h i s e s t i m a t e d d i s t a n c e o f 2.9m. Thus, f r i c t i o n a l s h e a r r e s i s t a n c e between 
c l a y and " t a i l f a k i n o c c u r s u\ e_ V i ^ cent o f t h e t o t a l l e n g t h o f t h e taa.lpa.ece 
p r o v i d e d t h a t t h e average c l a y d e f o r m a t i o n r a t e i s u n i f o r m d u r i n g t h e passage 
o f t h e s h i e l d and t a i l . 
I n o r d e i t o p r e s e n t a v e c t o r i a l r e p r e s e n t a t i o n o f g r o u n d movements f o r 
t h e two m a j or p l a n e s o f symmetry whi c h l i e v e r t i c a l l y a l o n g t h e t u n n e l a x i s 
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and v e r t i c a l l y n o r m a l t o i t , i t was d e c i d e d t o combine t h e r e s u l t s o f t h e 
s u r f a c e s e t t l e m e n t s u r v e y , t h e i n c l i n o m e t e r and t h e magne t i c s e t t l e m e n t 
r i n g r e c o r d s . S i n c e i n c l i n o m e t e r r e a d i n g s o f h o r i z o n t a l d e f l e c t i o n were 
t a k e n e i rery m e t r e o f d e p t h and magne t i c r i n g s were i n s t a l l e d a t 6m i n t e r v a l s 
a l o n g t h e i n c l i n o m e t e r access t u b e (see Chapter 3)j i t was n e c e s s a r y by 
u s i n g t h e v e r t i c a l s e t t l e m e n t development p r o f i l e s t o e x t r a p o l a t e and t h u s 
p r e s e n t a r e l a t i o n s h i p between s e t t l e m e n t and d e p t h f o r d i f f e r e n t p o s i t i o n s 
o f t h e t u n n e l f a c e . The e x t r a p o l a t e d c o n v e r s i o n c u r v e s a r e g i v e n m 
Appendix k- By u s i n g t h e s e r e l a t i o n s h i p s i t i s p o s s i b l e t o combine b o t h t h e 
v e r t i c a l and h o r i z o n t a l components o f ground movement f o r t h e d i f f e r e n t s t a g e s 
o f t u n n e l advance. ' 
F i g u r e s k-k- 6. t o i f . Z f . 8 . show t h e s t a l e o f gr o u n d d e f o r m a t i o n m a 
v e r t i c a l p l a n e a l o n g t h e t u n n e l c e n t r e l i n e d u r i n g t h e t u n n e l advance. The 
d i r e c t i o n and i n c l i n a t i o n o f t h e v e c t o r s r e p r e s e n t i n g ground d e f o r m a t i o n -
f o r a l e v e l j u s t above s o f f i t - p o s s i b l y i n d i c a t e a l i m i t e d f r i c t i o n a l shear 
r e s i s t a n c e between c l a y and s h i e l d s k i n , c o n f i r m i n g t h e v a l i d i t y o f t h e 
e a r l i e r c a l c u l a t i o n s . A l s o , i t may be deduced from t h e s t a t e o f t h e s e v e c t o r s 
t h a t g round movement i n t h e d i r e c t i o n o f t u n n e l advance t a k e s p l a c e when t h e 
f a c e i s 8 t o 10 metres away f r o m t h e p a r t i c u l a r p o i n t o f measurement. 
At such a d i s t a n c e from t h e t u n n e l f a c e , t h e i n j e c t e d g r o u t w i l l be o f f e r i n g 
a degree o f s e t r e s i s t a n c e , and ohe c l a y d e f o r m a t i o n w i l l be a d i r e c t 
r e s u l t o f f r i c t i o n a l shear r e s i s t a n c e between t h e s o i l and t h e g r o u t r a t h e r 
t h a n between t h e s o i l and t h e s h i e l d / t a i l s k m . 
BARTLETT and BUBBERS (1970) p r e s e n t e d a s i m p l i f i e d q u a l i t a t i v e concept 
o f ground movement ahead o f a s h i e l d d r i v e n m s t i f f c l a y (see F i g u r e Z f . Z f . 5 . ) . 
The mam as s u m p t i o n i n t h e i r approach i s t h a t t h e g r o u n d i s i n c o m p r e s s i b l e o r , 
i n terms o f t h e i r model, t h e r e i s no change m t h e a r e a o f each g r i d segment. 
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The boundary o f t h e zone o f movement ahead o f t h e f a c e i s p r o j e c t e d upwards 
a t 45° t o t h e h o r i z o n t a l and t h e v e r t i c a l l i n e s above t h e t o p o f t h e s h i e l d 
g e n e r a l l y r e m a i n v e r t i c a l . W i t h t h e e x c e p t i o n o f t h e heave development, 
t h e a c t u a l f i g u r e s o f l o n g i t u d i n a l g r o u n d movemenL p r o f i l e s t e n d t o a g r e e 
m p r i n c i p l e w i t h t h e above concept. 
E a r l y g r o u n d d i s t u r b a n c e appears i n F i g u r e ly.L.S. where t h e f a c e i s 
10 metres b e h i n d t h e b o r e h o l e Z1 and a s t r o n g h o r i z o n t a l d e f l e c t i o n o f g r o u n d 
i n t h e d i r e c t i o n o f t h e s h i e l d advance i s i n d i c a t e d p a r t i c u l a r l y i n t h e upper 
h o r i z o n s . A t t h e 2 t o 5 metres h o r i z o n above t h e s o f f i t , t h e s o i l p r e d o m i n -
a n t l y s e t t l e s w i t h o u t any h o r i z o n t a l d e f l e c t i o n , and b o r e h o l e s Y1 and X1 j u s t 
b e g i n t o r e g i s t e r t h e presence o f t h e s h i e l d . When t h e t u n n e l f a c e a r r i v e s 
a t b o r e h o l e Z 1 , t h e same p a t t e r n i s r e p e a t e d f o r b o r e h o l e Y1 (see F i g u r e 4-4*6.) 
w h i l e a t Z1 t h e h o r i z o n t a l d e f l e c t i o n i n t h e m i d d l e t o upper s o i l h o r i z o n s 
seems t o decrease. I n t h e h o r i z o n i m m e d i a t e l y above s o f f i t l e v e l , t h e s o i l 
behaves as i f i t were under t h e i n f l u e n c e o f t h e a c t i o n o f t h e t h r u s t f r o m 
t h e s h i e l d . F i n a l l y , some p e c u l i a r i t y r i s e s m t h e g r o u n d d i s t u r b a n c e i n 
b o r e h o l e Y1 when t h e f a c e i s e x a c t l y c o i n c i d e n t w i t h i t . Above s o f f i t l e v e l , 
t h e c l a y moves i n a d i r e c t i o n c o n t r a r y t o t h a t o f t h e t u n n e l d r i v e . T h i s 
b e h a v i o u r has v a n i s h e d t o some e x t e n t (see F i g u r e 4.4«7«) as t h e v e c t o r o f 
gro u n d d e f o r m a t i o n r o t a t e s a bout i t s a x i s and r e - o r i e n t a t e s t o w a r d s t h e 
d i r e c t i o n o f advance. Such a f e a t u r e i s n o t , however, t h e case f o r h o r i z o n s 
j u s t above s o f f i t l e v e l where t h e movement i n c r e a s e s m a m p l i t u d e , p r o b a b l y 
due t o t h e e x c e p t i o n a l l y l a r g e h a l t p e r i o d when t h e t u n n e l f a c e was boxed f o r 
125 h o u r s , as i t was below t h e b o r e h o l e Y1 and as shown m F i g u r e 4«4.2. 
Thus, i t may be ar g u e d t h a t t h e c l a y d u r i n g t h e h a l t p e r i o d has deformed t o 
t h e e x t e n t o f e x c e e d i n g t h e e l a s t i c l i m i t . 
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Ground movements a t r i g h t a n g l e s t o t h e t u n n e l a x i s a r e c o n s i d e r e d 
a t d i f f e r e n t s t a g e s o f f a c e advance. T h i s i s shown m F i g u r e s 4.4.9., 
4-4.10. and 4-4.11 ( n o t e t h a t t h e l e f t hand s i d e o f F i g u r e 4.4.9. 
i l l u s t r a t e s t h e s c a l e d l a y o u t o f t h e b o r e h o l e s w i t h t h e e x a c t p o s i t i o n 
o f each magn e t i c r i n g b e i n g marked. 
I n o r d e r t o a v o i d c o n f u s i o n , t h e movements d e t e c t e d m t h e p a i r o f 
b o r e h o l e s X2,Y2 and Z2,X3 have been p r e s e n t e d j o i n t l y by t a k i n g t h e mean 
v a l u e o f each p a i r o f cu r v e s f o r h o r i z o n t a l o r v e r t i c a l movement v e r s u s 
d e p t h f o r t h e same p o i n t o f advance i n t i m e ( t h a t i s , same f a c e p o s i t i o n ) . 
The r i g h t hand s i d e o f F i g u r e 4«4.9. d e p i c t s t h e s t a t e o f t h e s u b s u r f a c e 
d i s t u r b a n c e when t h e f a c e i s a p p r o a c h i n g t h e p a r t i c u l a r c l a y c r o s s - s e c t i o n 
b u t i s a t a s t a n d o f f d i s t a n c e o f 5 t o 10 m e t r e s . The l e f t hand s i d e o f 
F i g u r e 4.4.10 i l l u s t r a t e s t h e c l a y d e f o r m a t i o n when t h e f a c e i s e x a c t l y 
u n d e r n e a t h t h e ground c r o s s - s e c t i o n , w h i l e t h e r i g h t hand s i d e o f t h e F i g u r e 
r e l a t e s t o t h e f a c e p o s i t i o n 10 metres ahead o f t h e c r o s s - s e c t i o n . Both 
F i g u r e s r e v e a l an i n c r e a s i n g l y r a d i a l " m t r u s i o n - l i k e " t r e n d w h i c h i s e l i m i n a t e d 
m a zone d e f i n e d by d i s t a n c e s o f 10-15m m t h e v e r t i c a l a x i s and 5-7m m t h e 
h o r i z o n t a l a x i s . 
B o r e h o l e YJ> r e s u l t s show t h a t t h e c l a y i s moving p r e d o m i n a n t l y downwards. 
More g e n e r a l l y , t h e h o r i z o n t a l component o f gr o u n d movement r e v e r t s t o 
zero o v e r a d i s t a n c e o f r o u g h l y 4 t o Z|.5 t u n n e l r a d i i . 
F i n a l l y , F i g u r e 4«4«11 shows t h e c l a y m o t i o n s i t u a t i o n when t h e t u n n e l 
f a c e i s 20 and 30m ahead o f t h e ground c r o s s - s e c t i o n i n q u e s t i o n . 
The magnitude o f t h e s o i l d e f o r m a t i o n s i s l i k e l y t o i n c r e a s e s t e a d i l y 
over a f a c e advance o f 30m, b u t t h e h o r i z o n t a l d e f l e c t i o n t owards t h e c a v i t y 
seems t o have decayed as t h e s h i e l d was r e t r a c t e d beyond t h e c r o s s - s e c t i o n . 
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CHAPTER 5 
LABORATORY TESTING PROGRAMME. 
5.1 INTRODUCTION 
I n t h e p r e s e n t Chapter, a b r i e f a c c o u n t o f t h e s t r e n g t h p r o p e r t i e s 
o f London Clay i s g i v e n by r e v i e w i n g t h e e x t e n s i v e d a t a p u b l i s h e d by 
v a r i o u s a u t h o r s . F or -che express purposes o f t h e o r e t i c a l s t r e s s 
a n a l y s i s some l a b o r a t o r y t e s t s were co n d u c t e d on samples o f c l a y t a k e n 
from t h e s i t e o f t h e t u n n e l w h i c h i s t h e s u b j e c t o f t h e p r e s e n t t h e s i s . 
The t e s t r e s u l t s a r e r e p o r t e d and d i s c u s s e d . 
5.2. BRIEF REVIEW ON THE NATURE AND MORPHOLOGICAL CHARACTERISTICS OF 
LONDON CLAY. 
a. Geology The c l a y w h i c h u n d e r l i e s most o f c e n t r a l London i s a s t i f f , 
f i s s u r e d , o v e r c o n s o l i d a t e d , b l u e - g r e y c l a y . I t was c a l l e d "London C l a y " 
by W. Smit h i n 1812. The sediments were l a i d down under m a r i n e c o n d i t i o n s 
i n t h e Eocene p e r i o d , and s u b s e q u e n t l y t h e C l a y g a t e beds, f o l l o w e d by t h e 
Bagshot, Bracklesham and B a r t o n beds were d e p o s i t e d . 
These were a l l p r e d o m i n a n t l y sandy beds w i t h o c c a s i o n a l c l a y l a y e r s . 
However, u p l i f t and e r o s i o n m t h e l a t e T e r t i a r y and P l e i s t o c e n e epochs have 
removed most o f t h e o v e r l y i n g beds and h a l f t o two t h i r d s o f t h e London Clay 
i t s e l f , i n o n l y a few a r e a s do any o f t h e o v e r l y i n g beds remain (BISHOP e t a l , 
1965). 
F o l l o w i n g each p e r i o d o f d o w n - c u t t i n g , t e r r a c e g r a v e l s were d e p o s i t e d by 
t h e R i v e r Thames. The a l l u v i u m w h i c h o v e r l i e s t h e F l o o d p l a i n g r a v e l s i s a 
r e c e n t p o s t - g l a c i a l m a t e r i a l and c o n t a i n s N e o l i t h i c as w e l l as Roman r e m a i n s . 
The amount o f m a t e r i a l removed by e r o s i o n v a r i e s f r o m p l a c e t o p l a c e . 
SKEMPTON and HENKEL (1957) quote a p r e - c o n s o l i d a t i o n l o a d o f 2145 kN/m 2 f o r 
64 
t h e c e n t r a l London a r e a , s u g g e s t i n g a re m o v a l o f 170-230m o f m a t e r i a l . 
The London Clay i t s e l f c o n s i s t s o f a l o w e r sandy c l a y v a r y u n g f r o m 
0-3m t h i c k and known as t h e basement bed. T h i s i s o v e r l a i n by a b l u e -
g r e y c l a y v a r y i n g f r o m 30-170m t h i c k and w h i c h i s t h e London Clay p r o p e r . 
F i n a l l y , n e a r t o t h e s u r f a c e i s t h e brown and somewhat we a t h e r e d c l a y , 
v a r y i n g from 0-10m m t h i c k n e s s . 
The sands and g r a v e l s m entioned e a r l i e r o v e r l i e t h e London Clay m 
many a r e a s , as does a l l u v i u m near t h e Thames and s o f t marsh c l a y and p e a t 
near t h e sea. The upper l a y e r i s y e l l o w i s h - b r o w n m c o l o u r n e a r t o t h e 
s u r f a c e b u t becoming grey-brown a t de p t h due t o o x i d a t i o n o f t h e i r o n s a l t s 
i n t h e b l u e c l a y , p r o b a b l y when t h e ground w a t e r l e v e l was low. 
WARD e t a l (1959) have sug g e s t e d t h a t t h e s t r u c t u r e o f London Clay on 
a r e g i o n a l s c a l e t a k e s t h e fo r m o f a v e r y g e n t l e s y n c l i n e w i t h some m i n o r 
f o l d i n g m p l a c e s , a l t h o u g h d i p s o f more t h a n t h r e e degrees a r e r a r e . 
The g e o l o g y m t h e v i c i n i t y o f t h e s i t e m q u e s t i o n , namely Green Park 
c o r n e r , i s o f some c o m p l e x i t y . T h i s i s g e n e r a l l y c o n f i r m e d m t h e 
g e o l o g i c a l map of c e n t r a l London drawn by SKEMPTON and HENKEL ( 1 9 5 7 ) . 
S t r a t a d e s c r i p t i o n from b o r e h o l e No. 23 a t t h e Green Park c o n s t r u c t i o n 
s i t e h elps,however, t o remove some o f t h e a m b i g u i t i e s as f a r as t h e gro u n d 
p r o f i l e i s concerned 
ATTEWELL ( l 9 7 Z f ) - p e r s o n a l communication 
Data r e c o r d s f r o m b o r e h o l e No. 23 were t a k e n from ATTEWELL and FARMER (1972), 
and FARMER (1972-73) p e r s o n a l communication. 
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Depth. S o i l d e s c r i p t i o n . 
1.67 - 2.13m Y e l l o w brown sandy c l a y ( f i r m ) 
2.13 - 5«48m Medium brown c l a y . S t i f f w i t h t h i n 
b l u e - g r e y t r a c e s on f i s s u r e s u r f a c e s . 
Medium d e n s i t y o f f i s s u r i n g . F i s s u r e s 
t i g h t , o f s m a l l e x t e n t o b l i q u e t o sub-
v e r t i c a l p l a n e . Smooth o r s l i g h t s l i c k 
d e g r a d a t i o n . 
5.48 - 10.00m Unlammated d a r k brown g r e y s l i g h t l y s i l t y 
c l a y , v e r y s t i f f b u t f i s s u r e d . 
10.00 - 1k.02m T h i n l y l a m i n a t e d d a r k brown g r e y s l i g h t l y 
s i l t y c l a y w i t h some t h i n p a r t i n g s o f p a l e 
f i n e sand, v e r y s t i f f b u t f i s s u r e d . 
F i s s u r e d e n s i t y medium t o h i g h . F i s s u r e s 
as above. 
14.02m C l a y s t o n e n o d u l e . 
14.02 - 20.00m D e g r a d a t i o n o f f i s s u r e s u r f a c e s t o p a l e g r e y . 
20.00 - 32.00m T h i n l y l a m i n a t e d d a r k brown-grey f i s s u r e d 
c l a y w i t h some f i n e sand p a r t i n g s and 
o c c a s i o n a l c l a y s t o n e n o d u l e s . 
b. M i n e r a l o g y . BROOKER and IRELAND O965) have p u b l i s h e d t h e r e s u l t s o f 
X-ray d i f f r a c t i o n t e s t s aimed a t t h e d e t e r m i n a t i o n o f t h e m m e r a l o g i c a l 
c o m p o s i t i o n o f London C l a y . Percentages o f t h e mam m i n e r a l s a r e as f o l l o w s . 
Quar-cz 15% 
C h l o r i t e and K a o l i n i t e 35% 
I l l i t e 35% 
M o n t m o r i l l o n i t e 15% 
c. M i c r o s t r u c t u r e . TCHALENKO (1968) s t u d i e d t h e m i c r o s t r u c t u r e o f London 
c l a y f r o m s e v e r a l l o c a l i t i e s and depths u s i n g p e t r o g r a p h i c t h i n s e c t i o n s under 
t h e p o l a r i z i n g m i c r o s c o p e . Measurements o f t h e b i r e f r i n g e n c e r a t i o Q , 
i n d i c a t e d v a r i a t i o n i n v a l u e s m t h e range o f 0.35-0.65 d e n o t i n g s t r o n g 
0 i s the r a t i o of the minimum to the maximum l i g h t intensity transmitted 
through crossed polars as the thin section i s rotated on the stage. Therefore B i s a modulus of p a r t i c l e re-orientation, i.e.B/ 0 corresponds to perfect 
orientation andQ= 0 to random orientation. 
p a r t i c l e p a r a l l e l i s m m t h e h o r i z o n t a l p l a n e . The r a t i o was f o u n d t o 
i n c r e a s e a t s h a l l o w d e p t h s due t o a d i s r u p t i o n o f t h e o r i g i n a l m a t r i x . 
A n o t h e r i n t e r e s t i n g f e a t u r e o b s e r v e d was t h e e x i s t e n c e o f p r i m a r y and 
secondary m i c r o s h e a r s u r f a c e s . 
d. M a c i o s t r u c t u r e . A s i g n i f i c a n b c o n t r i b u t i o n t o t h e c l a s s i f i c a t i o n 
o f m a c r o s t r u c t u r a l f e a t u r e s came f r o m SKEMPTON e t a l ( 1969) who d i s t i n g u i s h e d 
t h e f i v e main t y p e s o f s t r u c t u r a l d i s c o n t i n u i t i e s on a m a c r o - s c a l e ' 
I ) Bedding Where m g e n e r a l , t h e r e i s no l i t h o l o g i c a l change t h e be d d i n g 
appears as a " d i s c o n t i n u i t y w i t h a g e n t l y u n d u l a t i n g s u r f a c e h a v i n g a 
somewhat r o u g h o r bumpy t e x t u r e " . 
I I ) J o i n t s . P r e d o m i n a n t l y v e r t i c a l ( a t Wraysbury s i t e ) between 0.3 t o 1.2m 
h i g h and up t o 6m l o n g , w i t h a pronounced t r e n d i n two o r t h o g o n a l 
d i r e c t i o n s o f N60°W and N30°E. They a r e p l a n e i n s u r f a c e , m a t t m 
t e x t u r e w i t h o c c a s i o n a l s m a l l s t e p s . 
I I I ) S h e e t i n g S u r f a c e s o f moderate s i z e a r e a p p r o x i m a t e l y 320cm a t t h e 
Edgwarebury s i t e , d i p p i n g a t a n g l e s of between 5° and 25° m a s o u t h e r l y 
d i r e c t i o n . They a r e smooth i n s u r f a c e w i t h a p l a n e shape. 
IV) F i s s u r e s A t de p t h s o f 10-12m t h e s e a r e p l a n a r o r c o n c h o i d a l f r a c t u r e s 
up t o 15cm m s i z e w i t h a m a t t s u r f a c e t e x t u r e . T h e i r number p e r u n i t 
volume i n c r e a s e s and t h e i r s i z e decreases as t h e upper s u r f a c e o f t h e 
c l a y i s approached. U s u a l l y t h e y l i e h o r i z o n t a l l y and a l m o s t p a r a l l e l 
t o b e d d i n g . 
v ) F a u l t s : Sometimes t h e y c o n t a i n some gouge c l a y (5-10mm i n t h e case o f 
t h e f a u l t a t W r a y s b u r y ) . 
5.3 REVIEW OF THE STRENGTH PROPERTIES OF THE LONDON CLAY. 
I t xs w e l l known t h a t London c l a y has been t h e s u b j e c t o f some q u x t e 
t h o r o u g h s t u d x e s by a number o f a u t h o r s . Wxth r e s p e c t t o x t s s t r e n g t h 
p r o p e r t x e s , a t t e n t x o n xs f r e q u e n t l y c o n c e n t r a t e d on t h e questxon "Whxch 
f a c t o r s and t o what e x t e n t do t h e s e f a c t o r s x n f l u e n c e t h e shear s t r e n g t h 
o f t h e c l a y under c o n s x d e r a t x o n " ? 
HOOPER and BUTLER (1966) d e r x v e d and c o n s e q u e n t l y t r e a t e d n u m e r x c a l 
d a t a on t h e shear s t r e n g t h o f London c l a y f r o m a s t a t x s t x c a l p o i n t o f v i e w . 
Thexr r e s u l t s a r e q u x t e x n t e r e s t x n g because t h e y x n d x c a t e t h a t t h e t r x a x x a l 
shear s t r e n g t h / d e p t h p r o f x l e o b taxned f o r any gxven s x t e depends upon t h e 
samplxng p r o c e d u r e s employed. I t xs a l s o shown t h a t t h e f r e q u e n c y d x s t r x -
b u t x o n o f t r x a x x a l t e s t s t r e n g t h s c o r r e s p o n d x n g t o a gxven depth may be 
r e p r e s e n t e d by t h e c l a s s x c a l Gaussxan c u r v e . T h e r e f o r e , assumxng a Gaussxan 
p o p u l a t x o n d x s t r x b u t x o n o f shear s t r e n g t h , x t xs p o s s x b l e t o estxmate t h e 
number o f samples r e q u x r e d a t any s p e c x f x c c l a y l e v e l t o gxve a mean sample 
shear s t r e n g t h whxch f a l l s w xthxn s p e c x f x e d l x m x t s o f t h e p o p u l a t x o n mean 
s t r e n g t h . 
R e f e r r x n g t o t h e undraxned p r o p e r t x e s o f s t x f f f x s s u r e d c l a y s , MARSLAND 
(1971) o u t l x n e d t h e f a c t o r s whxch mxght a f f e c t t h e s e p r o p e r t x e s estxmated 
f r o m x n - s x t u l o a d x n g t e s t s . The f a c t o r s a r e 
x ) The m x n e r a l o g x c a l composxtxon, s t r e n g t h and t y p e o f d x s c o n t x n u x t x e s 
p r e s e n t xn t h e c l a y . 
x x ) The f o r c e s and r e s t r a x n t s xmposed on t h e g r o u n d a r o u n d t h e t e s t l e v e l s 
by d x f f e r e n t mechanxcal arrangements a d o p t e d f o r t h e t e s t s . MARSLAND 
(1972) x n v e s t x g a t e d f u r t h e r t h x s f a c t o r f r o m r e s u l t s o f xn s x t u p l a t e 
t e s t s xn l x n e d and u n l x n e d b o r e h o l e s xn h x g h l y f x s s u r e d London c l a y a t 
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Wraysbury n e a r London a i r p o r t . The b a s i c c o n c l u s i o n from t h i s 
work was t h a t t h e r e was no s i g n i f i c a n t d i f f e r e n c e between t e s t s made 
i n u n l m e d and l i n e d p o r t i o n s o f b o r e h o l e s and t h i s s u g g e s t s t h a t t h e 
degree o f r e s t r a i n t imposed by s t a n d a r d b o r e h o l e l i n i n g s has no 
measurable i n f l u e n c e on t h e r e s u l t s o f p l a t e t e s t s i n h i g h l y f i s s u r e d 
c l a y . MAPSLAND op c i t emphasized t h a t t h e s e c o n c l u s i o n s o n l y a p p l i e d 
t o t h e p a r t i c u l a r t e s t c o n d i t i o n s , and t h a t i t w i l l be n e c e s s a r y t o make 
f u r t h e r i n v e s t i g a t i o n s on t h i s p a r t i c u l a r p r o b l e m . 
1 1 1 ) Dimensions o f t h e t e s t equipment and m p a r t i c u l a r t h e r e l a t i v e 
dimensions o f t h e l o a d e d p l a t e and t h e s p a c i n g o f t h e f i s s u r e s m 
t h e c l a y . 
IV) The r e d u c t i o n m s t r e s s and t h e accompanying s t r a i n s w h i c h o c c u r m t h e 
c l a y d u r i n g d r i l l i n g and i n s e r t i o n o f t h e t e s t equipment. 
v ) The mt" e r v a l o f t i m e between d r i l l i n g t h e h o l e and l o a d i n g t h e p l a t e . 
v i ) The r a t e o f p e n e t r a t i o n d u r i n g l o a d i n g . 
More a t t e n t i o n was g i v e n t o t h e t i m e f a c t o r , t h a t i s t h e i n t e r v a l o f t i m e 
between s a m p l i n g and t e s t i n g m MAESLAND (1973)i where t h e v a r i a t i o n i n t h e 
s t r e s s s t r a i n curves - o b t a i n e d f r o m t e s t s on 38,75 and 125mm d i a m e t e r 
specimens p r e p a r e d f r o m a d j a c e n t b l o c k samples a t d i f f e r e n t t i m e s a f t e r 
s a m p l i n g - i s g i v e n . A l s o , t h e o p e n i n g o f f i s s u r e s due t o t h e r e d u c t i o n o f 
e x t e r n a l s t r e s s d u r i n g e x c a v a t i o n , s a m p l i n g and s t o r a g e i s i n t i m a t e d as b e i n g 
a f a c t o r a t t r i b u t i n g t o t h e " s o f t e n i n g " phenomenon. 
The o p e n i n g o f f i s s u r e s i s a well-known f e a t u r e o f t u n n e l l i n g where, as 
soon as t h e f a c e i s e x c a v a t e d , e x a m i n a t i o n o f t h e c l a y m t h e w a l l s o f t h e 
t u n n e l shows t h a t t h e f i s s u r e s s t a r t t o d e v e l o p and open. 
The o p e r a t i o n a l s t r e n g t h o f f i s s u r e d c l a y s was examined by LO (1970) who 
a n a l y s e d d a t a r e p o r t e d m t h e l i t e r a t u r e . As a f i r s t a p p r o x i m a t i o n , t h e 
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f i s s u r e s t r e n g t h may be t a k e n as t h e r e s i d u a l s t r e n g t h o f t h e c l a y , w h i l e 
t h e i n t a c t and f i s s u r e s t r e n g t h c o u l d p r o v i d e t h e upper and l o w e r bound 
v a l u e s r e s p e c t i v e l y o f t h e s t r e n g t h t h a t can be measured by any t y p e o f 
t e s t on any s i z e o f sample. LO op c i t , c o n s i d e r i n g a c l a y w i t h a system 
o f f i s s u r e s randomly d i s t r i b u t e d - and assuming t h a t Lhe s i z e o f t h e specimen 
i s i n c r e a s e d f r o m an i n i t i a l v a l u e - suggested t h a t t h e f o l l o w i n g p r o b a b i l i t y 
o f o c c u r r e n c e s w i l l be c o r r e s p o n d i n g l y i n c r e a s e d 
I ) t h e number o f f i s s u r e s i n c l u d e d i n t h e sample, 
I I ) t h e p r o b a b i l i t y o f h a v i n g f i s s u r e s c r i t i c a l l y o r i e n t a t e d t o t h e 
a p p l i e d s t r e s s system, 
I I I ) t h e p r o b a b i l i t y o f h a v i n g l a r g e r f i s s u r e s ; 
I V ) t h e p r o b a b i l i t y o f h a v i n g l a r g e f i s s u r e s c r i t i c a l l y o r i e n t a t e d , 
v ) t h e p r o b a b i l i t y o f c o a l e s c i n g a d j a c e n t c r a c k s m t h e p r o x i m i t y o f t h e 
p o t e n t i a l f a i l u r e p l a n e . 
F i n a l l y , LO de v e l o p e d an e q u a t i o n f o r t h e s t r e n g t h - s i z e r e l a t i o n s h i p 
w h i c h c o n t a i n s two p a r a m e t e r s d e s c r i b i n g t h e i n t e n s i t y o f f i s s u r m g o f t h e 
c l a y . Based on t h e proposed e q u a t i o n , t h e o p e r a t i o n a l s t r e n g t h , o r t h e 
s t r e n g t h o f t h e s o i l mass m t h e f i e l d m i g h t be p r e d i c t e d . 
The s t r e s s p a t h method p r e s e n t e d by LAMBE (1967) and extended by LAMBE 
and WHITMAN (1969) comprises a major approach t o s t a b i l i t y and d e f o r m a t i o n 
a n a l y s i s m s o i l mechanics. Data c o n c e r n i n g t h e s h e ar s t r e n g t h o f London 
c l a y b e i n g s e l e c t e d f r o m t h e l i t e r a t u r e and p r e s e n t e d i n a s t r e s s p a t h manner 
i s shown xn F i g u r e 5-3'1- The l e f t hand g r a p h o f t h i s F i g u r e i l l u s t r a t e s 
t h e e f f e c t i v e s t r e s s p a t h s (ESP) as t h e y a r e d e f i n e d by t h e t e s t r e s u l t s o f 
s e v e r a l a u t h o r s u s i n g d i f f e r e n t t e c h n i q u e s and specimen d i a m e t e r s . The r i g h t 
hand s i d e o f t h e same F i g u r e v i s u a l i z e s t h e t o t a l s t r e s s p a t h s (TSP), w h i l e 
K ^ - l i n e s f o r peak and r e s i d u a l s t r e n g t h were drawn t o g e t h e r . Both K ^ - l m e s 
were d e r i v e d f r o m d a t a p u b l i s h e d by SKEMPTON e t a l (1969). 
Although, by d e f i n i t i o n , the axes i n two-dimensional stress space are 
p = — (o-^ + Oj) and q = — (o-^ - cr^) corresponding to the hydrostatic 
and shear stress components respectively, a modified basis was used m 
the present thesis. The use of or or o* versus 0_ or a, bears the 
1 v $ h 
advantage of s i m p l i c i t y and provides a quick and direc t assessment oi the 
state of stresses i n the Clay. 
5.4 INDEX PROPERTIES AND RESULTS FROM UNCONSOLIDATED TJNDRAINED (UU) 
TRIAXIAL COMPRESSION TESTS. 
Site investigation results from borehole no. 23 at the Green Park 
working s i t e for the Fleet Line Tunnel revealed the following index 
properties. 
Depth Moist, cont. LL PL Bulk density 
m % % %_ Mg /m3 
3-7 - 4-1 28 80 32 1.920 
17.2 - 17-7 26.5 75 29 1.935 
27-3 - 27.7 26 70 27-5 1.970 
31.5 - 32.0 25 76 33 1.935 
For the employment of the e l a s t i c - p l a s t i c approach, and m order to 
define the state of stress around the tunnel m question, i t was necessary 
to use shear strength values and ela s t i c modulus values from "representative" 
samples. Accordingly, specimens were prepared from samples taken at the 
depth of the tunnel axis (30m) at the tunnel face. 
The samples comprised two groups collected from two directions ( v e r t i c a l 
and horizontal) with respect to ground surface, so giving a loading f a c i l i t y 
for two d i f f e r e n t i n c l i n a t i o n s on a pa r t i c u l a r fabric of fissures. 
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Undrained t r i a x x a l compression tests on 38mm diameter specimens were 
conducted and results indicated (see Figures 5-4-2. and 5-4-3-) 
that the shear strength was 67% higher m the horizontal samples than for 
the v e r t i c a l samples. WARD et a l O965) reported similar percentage 
differences as a function of orientation ranging between J>C$> and 62% for 
undrained tests on London clay. AGAEWAL (1967) also noticed the same 
ef f e c t . BISHOP (1966) proposed a relationship for the v a r i a t i o n of 
undrained shear strength (c^) with respect to sample orientation 0 
c = c , (1 - asm 26) (1 - bsm 226) (5-4-1-) 
u u vert. 
where a and b are constants. 
For confining pressures neai to the overburden pressure existing at 
axis depth (30m), the stress r a t i o B - a^/a^ has been plott e d against s t r a i n 
and i s shown m Figure 5-4- 4- I t can be seen that the curve for horizontal 
samples underlies that for v e r t i c a l , and both have the parabolic shape already-
suggested by BEETH et a l (1973) 
Although BRETH et a l were concerned with test results on sand, they 
observed that the p l o t t e d curves of s t r a i n against stress r a t i o a^/a^ showed 
a parabolic trend with s t r a i n becoming excessively high as the stress r a t i o 
approached the f a i l u r e stress r a t i o (a-z/a^ ) j • That observation eventually 
led to formulation of an ana l y t i c a l expression for the function (a^/o-^) = f ( c ) 
which i s 
e(o /a ) = a + + — - 5- + (5-4-2.) 
3 1 (R - H f) (H - R f ) 2 
where 
c i s the a x i a l or l a t e r a l s t r a i n at any value of the 
r a t i o (o_/a ) . 3 1 
a i s the minor p r i n c i p a l stress, 
a i s the major p r i n c i p a l stress, 
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Rj. i s R at f a i l u r e stress, 
a,b,c are parameters depending on the observed stress-stram 
characteristics of the materia]. 
Another i n t e r e s t i n g feature revealed i n Figure 5-i-4- i s that the 
stress r a t i o (o^/a^) at f a i l u r e i s approximately 0.60. I t i s worth 
notung that the K q r a t i o may be determined through Jaky's relationship 
K Q = 1 - sin 0» (5.4-3-) 
derived from tests on granular material, although the expression 
K Q = 0.95 - sin 0' C5.Zf.Zf.) 
has been found to be more applicable to cohesive s o i l s (BROOKER and IRELAND, 
1965). As w i l l be seen m a la t e r part of the present Chapter, the 
effective f r i c t i o n angle based on the effective stresses was found to be 
equal to 0 1 = 19°. Therefore substituting bhe value of 0" = 19° for 
equation (5.4-4-) results m a K q value equal to 0.62. This p a r t i c u l a r 
K q value i s reasonably compatible with the experimentally-defined r a t i o of 
pr i n c i p a l t o t a l stresses at f a i l u r e aj/a^ = 0.60, although K Q I S defined as 
the r a t i o of the p r i n c i p a l effective stresses a '/a^1. 
5-5- POISSON'S RATIO MEASUREMENT DURING TRIAXML .UNDRAINED TESTS. 
Poisson's r a t i o may be evaluated from the r a t i o of the l a t e r a l induced 
s t r a i n to a x i a l inducing s t r a i n during a t r i a x i a l compression test with a x i a l 
loading. 
In order to evaluate bhe varia t i o n of Poisson's r a t i o with s t r a i n , 38mm 
diameter specimens were prepared from samples which were collected from the 
working face of the tunnel i n two main directions (horizontal and v e r t i c a l ) 
with respect to ground surface. The tests were performed m the unconsolidated 
undramed t r i a x i a l compression mode and a provision was made for Poisson's 
r a t i o measurement during the various stages of loading. This was achieved 
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with the use of an electronic linear variable d i f f e r e n t i a l transformer, 
wired via a carrier amplifier demodulator system to an auto potentiometric 
chart recorder. The displacement on t h i s recorder was carefully calibrated 
beforehand and several times subsequently. Poisson's r a t i o was recorded 
during compression for the two sets of tests for the d i f f e r e n t sample 
orientation and for the several c e l l pressures. 
An i n i t i a l value of Poisson's r a t i o was taken as 0.5 on the assumption 
thai che clay i s an ela s t i c xsotropic material. Thus 
C3 = i 0*3 " V ( ( J1 + a2* 1 (5.5-1.) 
Assuming that i n the t r i a x i a l stress f i e l d , the s t r a i n i s Ac =Ac., and that 
Ac/j i s caused by stressesA 0 ^ HA a-j andA^a^, ^-t follows that Poisson's r a t i o 
i s given by the relationship, 
v = A°2 A e 1 -Ae2A°-i (5.5.2.) 
A° 2 c A E i " 2 A C 2 ; + A°iA c i 
Thus, undei hydrostatic compression and before any shearing occurs A °2 =A°^ 
and as a consequence equation (5«5«2.) becomes 
v = A ° 2 ( A e i - A c 2 ) 
2 A a 2 ( A E r A c 2 ; = 0.5 (5.5.3.) 
During the early range of s t r a i n , LAMBE and WHITMAN (1969) argue that 
Poisson's r a t i o varies with s t r a i n . This i s shown to have occurred during 
the test programme described herein. I t i s shown however, m Figure 5«5«1. 
for v e r t i c a l l y orientated samples that Poisson's r a t i o steadily increases up 
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to a given value of s t r a i n - which i s controlled by a p a r t i c u l a r confining 
pressure - and when i t does exceed a c r i t i c a l value, the r a t i o decreases 
gradually (see also Table 5-5-1-)- On the other hand, for the results 
for the horizontally oriented samples graphed i n Figure 5-5*1• i t appears 
that Poisson's r a t i o increases almost inversely with s t r a i n . 
The observed behaviour of the v e r t i c a l l y oriented sample may be 
a t t r i b u t e d to some p l a s t i c deformation behaviour beyond a c r i t i c a l elastic 
l i m i t . 
Figures 5.4-1.and 5«4.2. i l l u s t r a t e the stress-strain curves for both 
v e r t i c a l and horizontal samples,pointing out bhe difference m st i f f n e s s between 
them. This difference presumably combined with the rather extensive p l a s t i c 
behaviour for the v e r t i c a l samples provides an explanation for the s t r a m -
Poisson's r a t i o relationship, for both cases. Undoubtedly, further research 
i s required to distinguish between these possible causes of the d:fference m 
results mentioned above. Nevertheless, these results are influenced by many 
other factors as the e l a s t i c anisotropy, the overconsolidated nature of the 
clay, the orientation of the fissures f a b r i c , the high K q value 1.65) 
existing at that depth, the stress path and the rate of s t r a i n . 
However, the test results have clearly shown that variations of Poisson's 
r a t i o during t r i a x i a l compression are p r a c t i c a l l y n e g l i g i b l e . 
Poisson's r a t i o might also depend upon the stress path. Figure 5-5-2. 
i l l u s t r a t e s the p l o t t e d v a r i a t i o n of Poisson's r a t i o with the stress r a t i o 
a /a^. I t i s evident that an asymptotic decay of the r a t i o emerges as the 
stress r a t i o decreases from values of 1.0 to 0.5 ( f o r v e r t i c a l samples) and 
Assuming that the o r i g i n a l length of the specimen i s L and the o r i g i n a l width 
i s D, and further assuming that the variation m width I S ^ D and the v a r i a t i o n 
m length I S ^ L , then the Poisson's r a t i o by d e f i n i t i o n i s 
v = - A D / D 
~%L7L (5.5.4-) 
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1.0 to 0.3 or O./f (f o r horizontal samples). 
5.6 UNCONSOLIDATED DNDRAINED (UP) AND CONSOLIDATED UNDRAINED (CU) TRIAXIAL 
TEST RESULTS. 
Two further sets of t r i a x i a l compression tests were carried out. These 
comprised unconsolidated undramed and consolidated undrained, both with pore 
water pressure measurements. The second set vas necessary i n order to define 
the shape of the f a i l u r e envelope m terms of the e f f e c t i v e stresses.* 
The f i r s t set consisted of tests on 98mm diameter samples taken from the 
depth of 25m i n a borehole d r i l l e d i n t o the London Clay at a s i t e m Regent's 
Park. A rather small nominal s t r a i n rate 5-5 x 10 -^ inm/niin. was used 1o allow the 
development of pore pressures during loading. In a l l the undramed and 
consolidated undrained t e s t s , f i l t e r paper s t r i p s attached to the perimeter 
of the test cylinders were used to accelerate drainage during consolidation 
(UU tests) and to equalize the pore pressure during shearing (both UU and CU 
t e s t s ) . The stress-stram and pore water pressure relationships for the UU 
tests are shown i n Figure 5*6.1. I t w i l l be seen that the specimens f a i l e d 
at strains of about 2% while the pore pressures reached t h e i r peak a l i t t l e 
e a r l i e r . Failure was usually of a b r i t t l e nature along one or more shear 
planes. F i n a l l y , for each specimen the pre-shear e f f e c t i v e stress has been 
given. The effective stress path f o r a sample taken from 25m depth has been 
evaluated from the results of the UU t n a x i a l tests as shown i n Figure 5-6»2. 
Also on t h i s Figure has been plotted a stress path for the same element 
of clay predicted from the Kirsch equations (see Chapters 6 and 7). I n terms 
According to BISHOP and HENKEL (1964), i f the pore pressure i s measured during 
the undrained test on saturated cohesive soils,the e f f e c t i v e stresses at f a i l u r e 
can be determined. I t w i l l be found, however, that f o r saturated clays both the 
o'^and a'^ . are independent of the magnitude of the c e l l pressure applied. Hence 
only one effective stress c i r c l e i s obtained from these tests and the shape of 
the f a i l u r e envelope m terms of effective stress cannot be determined. 
Consolidated undrained or dtramed tests are used for the l a t t e r purpose. 
of t o t a l stress, a. = o\ = a = 1100 kN/m and a_. = a = o_ = 498 kN/m . ' 0 h 1 R v 3 
For effective stress evaluation, the Au * c curve i n Figure 5*6.1 at a 
confining pressure = 605 kN/m was used. Assuming el a s t i c ground 
deformation up to 0.5% s t r a i n (Figure 5.6.1), a Au value of 221 kN/m2 
may be taken for the computation of effective stresses ojj = - A u = 879 kN/m' 
and = o\g - Au = 277 kN/m . The expeiimental and th e o r e t i c a l stress paths 
show reasonable compatibility over the r e s t r i c t e d length of the l a t t e r . 
In the case of the consolidated undrained te s t s , the following procedure 
was adopted: 
a) A c e l l pressure of 70 kN/m was applied i n i t i a l l y and kept constant 
for a period of time (usually two to three hours). 
b) The pore pressure was then measured and noted. The c e l l pressure was 
2 
increased to 140 kN/m and a f t e r a few hours, the pore pressure was again 
measured. Each step of pore pressure measurement was followed by 
"equalisation" between the back pressure and the c e l l pressure, and a 
measurement of the pore pressure parameter "B". Since "B" was not equal 
to unity, the term "equalisation" can therefore be somewhat misleading 
with respect to parameter pressure. 
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c) The c e l l pressure was then increased to 210 kN/m and l e f t for a few hours. 
After a new "equalisation" between c e l l pressure and pore pressure the 
parameter "B" was measured. 
2 
d) The c e l l pressure was increased to 280 kN/m and l e f t overnight. I t was 
found that the value of "B" f i n a l l y obtained was nearly equal to one ( m 
fact between 0.95 and O.98). 
e) After t h i s consolidation with back pressure ua the pore water c i r c u i t so 
that any a i r remaining might be dissolved, the volume change c i r c u i t r y 
was then connected and the pore water volume changes recorded through a 
series of suitably spaced readings. Consolidation was the o r e t i c a l l y 
completed when no s i g n i f i c a n t movement of the water l e v e l m the measuring 
burette occurred (see BISHOP and HENKEL, 1964). Figure 5.6.3. i l l u s t r a t e s 
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the relationship between the volume change and the square root time 
(tft) for a 38mm diameter sample during consolidation under an a l l 
around pressure ( r a d i a l and end drainage). The same Figure 5 * 6 . 3 
incorporates the calculation for an estimate of the coefficient of 
consolidation c which was found to equal 0 . 1 4 mm /mm. Basing on 
that value and taking the value of the coefficient n equal to JfO.a 
(see BISHOP and HENKEL, 196Zf, page 1 2 5 ) the time required for f a i l u i e 
under the p a r t i c u l a r t r i a x i a l stress f i e l d was found to be t„ = 8 6 hours. 
I t i s worth noting that t h i s time i s based on drained conditions and 
i t might therefore be expected that m undrained tests the corresponding 
value of t ^ would be much less. Indeed, the tune to f a i l u r e was i n 
the order of 18 to 2 4 hours. 
The stress-strain relationships for the consolidated undramed t r i a x i a l 
tests on 38mm diameter specimens are shown m Figure 5 * 6 . if. where i t appears 
that f a i l u r e has occurred at strains considerably less than those i n the case 
of unconsolidated undrained tests. The same differences are evident f o r the 
pore pressure. 
On the basis of these r e s u l t s , Mohr envelopes i n terms of effective stresses 
have been drawn i n Figure 5 - 6 . 5 * From these, i t would appear that the f r i c t i o n 
angle based on the operative ef f e c t i v e stresses i s 19 degrees and the cohesion 
2 
intercept s i m i l a r l y based on the operative effective stresses i s 1 0 . 5 7 kN/m . 
In the same figure the l i n e has been drawn together with the slope angle b, 
and the ordinate axis intercept a. 
Another feature of t h i s suite of tests was a special set of f i v e 
consolidated undrained t r i a x i a l compression experiments with pore pressure 
measurement on 38mm diameter specimens and with a d i f f e r e n t rate of s t r a i n for 
each loading. A l l specimens were taken at a depth o f r j 2 2 . 5 m and "the common 
pre-shear effective stress was equal to Zf50 kN/m . The rates of s t r a i n used 
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were 1.20, 2-Mt, 5-50, 15.2 and 76.2 ( a l l x 10--3) mm/mm. 
The relationship between the pore pressure parameter A and the a x i a l 
s t r a i n has been plott e d i n Figure 5«6.7« These graphs are p l o t t e d from 
the results of CU t r i a x i a l tests on 38mm diameter specimens and for d i f f e r e n t 
rates of a x i a l s t r a i n . 
The effect of the rate of s t r a i n on the pore pressure parameter A i s 
s e l f evident and could perhaps be at t r i b u t e d to the dependent of A on both 
the t o t a l stress path and the s t r a i n , as pointed out by LAMBE and WHITMAN(1969). 
Thus, taking i n t o account the fact that a l l specimens were from the same 
depth, i t i s reasonable to accept that a d i f f e r e n t rate of a x i a l s t r a i n i n f l -
uences considerably the development of pore pressures and therefore a l t e r s the 
stress paths accordingly. 
The stress-strain characteristics of t h i s set of CU t x i a x i a l tests are shown 
m Figure 5*6.6., from which i t would also seem that the deviator stress at 
f a i l u r e depends upon the rate of a x i a l s t r a i n . Such a dependence was reported 
for the f i r s t time by BISHOP and HENKEL (1964) but with respect to a d i f f e r e n t 
material. 
To conclude t h i s set of results a graph has been drawn i n Figure 5*6.8. 
between the deviator stress at f a i l u r e and the rate of s t r a i n . Although t h i s 
graph does not provide a conclusive trend, i t appears, however, that there i s 
an exponential relationship between the rate of a x i a l s t r a i n (de/dt) and the 
deviator stress at f a i l u r e (o^-O^)^. such that an increase i n dc/dt implies a 
decrease i n the quantity (a^-a^)^. Clearly, further tests are required i n 
order to v e r i f y t h i s trend which might be of some importance m tunnelling 
applications where the rate of clay deformation i s functionally related to Lhe 
rate of tunnel advance (see Chapter 1) and both rates exert an influence on 
the overall tunnel s t a b i l i t y . 
79 
CHAPTER 6 
THE STRESS-STRAIN REGIME AROUND A CIRCULAR TUNNEL 
DURING THE EARLY STAGES OF CONSTRUCTION. 
6.1 INTRODUCTION 
Using the classical elasto-plastic approach, a simple analysis 
may be carried out upon the stress regime around a cir c u l a r tunnel, 
the results of that analysis being correlated with the tunnel advance. 
The res u l t i n g t h e o r e t i c a l ground deformations predicted on that basis may 
then be compared with the l n - s i t u measurements as a check on the v a l i d i t y 
of the concepts b u i l t into the theory. 
6.2 STRESS-DEFORMATION DISTRIBUTION AROUND THE TUNNEL 
Any tunnelling operation results m a r e - d i s t r i b u t i o n of the stress 
regime m the surrounding ground and produces a new unknown state of 
stress. 
Using the classical methods i n e l a s t i c theory, i t i s possible to 
estimate the new state of stress with an accuracy which depends primarily 
on the elastic properties of the s o i l and i t s deviation from elast i c 
behaviour when i t i s subjected TO tensile or compressional loading. 
In the present work, Kirsch's equations (see DEERE et a l , 1969) are 
employed for t h e i r convenience and s i m p l i c i t y . As i s to be expected from 
the theory of e l a s t i c i t y , the s o i l i s considered to be an incompressible 
* 
material (no volume change) with Poisson's r a t i o equal to 0.5. Of course, 
i t may be argued that during loading t h i s r a t i o possibly undergoes 
considerable vari a t i o n from the 0.5 value. Thus, before employing the 
classical el a s t i c approach f o r the determination of stresses and strains 
* 
i n the undrained state. 
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around Lhe tunnel i n question, some laboratory tests were carried out i n 
order to check the possible deviations of Poisson's r a t i o from the value of 
O.5. These tests are described i n Chapter 5 and the results have shown that 
variations of Poisson's r a t i o are not a p r a c t i c a l issue. 
During and a f t e r the excavation, Poisson's r a t i o for the over-
consolidated s t i f f clay i s neither constant nor does i t correspond to a 
si t u a t i o n of constant volume. Such an assumption i s v a l i d only for short 
term deformation and i t would be preferable a f t e r CHRISTIAN (1968) to adopt 
a s l i g h t l y smaller value of say O.Zf8 for the purpose of any calculations. 
In f a c t , the value proposed by CHRISTIAN op c i t for Poisson's r a t i o i s m 
good agreement with the experimental results outlined m Chapter 5« 
For the evaluation of stresses around the opening, the f a m i l i a r Kirsch 
** ...... 
equations were used for a b i a x i a l case problem (see DEERE e t _ a l , 
ff„ = 0.5 cfv t- K)(1 - a 2 )+(l - K)(1 + - Zfa2cos20)^J 
0.5 O Y jTl + K)(1 + a 2) - (1 - K)(1 + 3a Z |) cos 26 
(K - 1)(1 - 3a ^ + 2a 2) sm20 (6.2.1) 
R 
tf6 
TR0 
a = V(o.p, + cO (6.2.2.) 
y R 6 
where a = R /R o 
R i s the hole radius, 
o - - -
R i s the r a d i a l distance from the centre of the hole to 
any point m the clay mass, 
K i s the co e f f i c i e n t of earth pressure at rest; 
cfjj i s the r a d i a l stress at distance R 
o" g i s the tangential stress at distance R, 
T„_ i s the shear stress at distance R 
6 i s an angle defining a polar co-ordinate, the horizontal axis 
through the centre of the tunnel defines the case 0 = 0 
* UU t r i a x i a l compression tests on 38mm diameter specimen. 
** Assuming an i n f i n i t e ground mass. 
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SKEMPTON (1961) provided data which related the undisturbed 
horizontal and v e r t i c a l stresses of London Clay. A polynomial curve 
was f i t t e d by GOWLAND (l97*f)*to those data and t h i s function of K q with 
depth was interlaced with equation 6.2.1. to compute suites of stress 
for d i f f e r e n t points around the tunnel. I t may be noted that COLE and 
BURLAND (1972) r e f e r r i n g to the same overconsolidated s t i f f clay deduced 
a similar relationship from the data of SKEMPTON op c i t . and BISHOP et a l 
(1965). Their graph suggests, however, that values obtained from 
BISHOP et a l are generally higher than those obtained by SKEMPTON, but that 
they take a similar trend to that of Figure 6.2.1. 
The computer programme w r i t t e n by A. Gowland and referred to above, 
was used to calculate the stresses and deformations around the opening 
withm a region up to 5 tunnel r a d i i and f o r discrete points at every 0.2 
radius and every 10 degrees. From the computer output,contours of 
normalized p r i n c i p a l stress have been plott e d for the v e r t i c a l plane along 
with the longitudinal tunnel axis and the plane of the tunnel's cross section. 
(Figure 6.2.2.). 
Although the information on the graph i s s e l f explanatory, note 
should be taken of the dramatic change i n the stress regime at a v e r t i c a l 
height above s o f f i t of approximately 1 to 1.5 tunnel r a d i i which approximately 
GOWLAND, personal communication. 
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corresponds to a v e r t i c a l distance of 4 to 5 metres. A further change 
i n the trend of the contours i s evident at a horizontal distance of one 
tunnel diamter (4m.). I t also appears from the curves that the maxima 
of r a t i o s o /a and V (o"„ + o"_)/o". occur at a tunnel axis l e v e l . This 
i s simply a r e f l e c t i o n of the dominant horizontal major p r i n c i p a l stress 
m the overconsolidated clay p r i o r to disturbance. 
I t i s useful to attempt to correlate the configuration of the 
pr i n c i p a l stress r a t i o s a^/a^ for the plane of the tunnel cross-section 
with the e a r l i e r experimental curves which re l a t e Poisson's r a t i o to the 
sbress r a t i o a^/a^ for the same clay (see Figure 5«5.2.). However, i t 
would appear from superimposing the experimental values that i t might be 
reasonable to replace the contours of equal p r i n c i p a l stress r a t i o with 
contours of equal Poisson's r a t i o . Consequently, by choosing from the 
family of curves m Figure 5*2.2. the p a r t i c u l a r curve having a confining 
pressure equal to 760 kN/m (a horizontal test sample and a confining 
pressure which i s a reasonable approximation to the calculated horizontal 
stress existing at the depth of 29m)1 i t i s possible to convert the 
p r i n c i p a l stress r a t i o s to Poisson's r a t i o values. The contour for a^/a^ 
= 0.45 corresponds approximately to theV= 0.45 contour. This p a r t i c u l a r 
Poisson's r a t i o value i s that found at the f a i l u r e stage of the sample under 
UU t r i a x i a l compression conditions. The most important results seem to 
be that the contour of a^/a^ - 0.45 defines the l i m i t s of the shear strength 
for the overconsolidated clay when the opening has been created. 
The general problem of evaluating the stress regime around a shield 
driven tunnel i s of some complexity since the stresses surrounding the circular 
cross-section are a function of shield position. However, as soon as the 
face reaches a given cross-section of the clay, the ground mov es r a d i a l l y 
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inwards i n order to f i l l the bead annulus ( i n the present case of thickness 
6.5mm). The intrusion i s terminated when the clay touches the shield 
surface. Noting that the bead thickness i s quite small, i t follows that 
the mward movement of the clay may w e l l be r e s t r i c t e d during t t a t p a r t i c u l a r 
phase of the excavation. Therefore, since the associated strains are 
also small i t i s not unreasonable to assume that the deformation i s mainly 
el a s t i c m character and that t h i s quasi-elastic deformation persists 
u n t i l the 3.275mlong shield and t a i l clear the given cross section. 
Before any grouting operations took place behind the erecbed l i n i n g 
segments over the measurement length of the Fleet Line tunnel there was a 
further 1.20m of unsupported annulus behind the t a i l p i e c e i n t o which the 
s o i l can move. This to t a ] unsupported length amounted to 3.275 + 1.20 = 
if. i|75m so giving to the clay a r e a l f a c i l i t y for more r a d i a l i n t r u s i o n . 
I t has been suggested that the average rate of tunnel advance i s 
2.23 mm/mm and so i t follows that the unsupported length of 2.11 ^ corresponds 
to 15.8 hours of exposure time, during which the clay at the cross-section 
could move m an unrestricted manner. 
On the basis of the average maximum deformation rate of the clay (at 
the s o f f i t ) of 0.005 mm/mm the further movement amounts to if.7mm. This 
l a t t e r deformation f a c i l i t y may well have created strains of amplitudes 
beyond the elast i c regime and therefore have introduced a form of "plastic 
release zone" around the tunnel. 
DEERE e t a l , (1969) suggested that for a cir c u l a r tunnel driven m an 
e l a s t i c - p l a s t i c medium the c r i t e r i o n for the development of a p l a s t i c zone 
around the opening i s 
o* - a = c .....(6.2.3.) 
v 1 u J 
where 
a i s the i n t e r n a l pressure, 
a i s the overburden stress, v 
1 
and 
c
u i s the undramed shear strength of the s o i l . 
The stress f i e l d i n the s o i l i s supposed to be one of uniform compression, 
and for a f r i c t i o n l e s s s o i l the radius of the p l a s t i c zone around the 
tunnel i s given by the equation 
°v - J i - 0.5 
2c 
R = R c u (6.2 
o 
where E i s the hole radius, o 
Inside the p l a s t i c region the volume i s assumed to be constant (Poisson's 
r a t i o i s everywhere equal to 0.5). By using equation 6.2.4. i t was found 
that the extent of the p l a s t i c zone was approximately 1.5 tunnel r a d i i . 
This i s m basic agreement with the change xn the stress regime for the 
same distance as shown m Figure 6.2.2. Inside the p l a s t i c region the 
r a d i a l and hoop stresses are given by the equations. 
a n = 0 + 2c In (E/R ) R l u o 
o Q = o_, + 2c = a + 2c pi + fn(R/R ) 1 (6.2 
0 R u l u]_ o J 
A possible objection to the adoption of the 'plastic zone' concept 
could be the fact that the equations describing the p l a s t i c stress state 
are based on the K = 1 assumption, while for the clay m question the K 
values greatly exceed unity. There are, however, no a n a l y t i c a l solutions 
outside the hydrostatic state and so as an approximation i t i s necessary 
to use the equations 6.2.5 . The results of t h i s exercise with respect to 
s o f f i t , axis and 45° elevation are shown m Figure 6.2.3« 
Progress of the shield may be considered m two stages 
a) the time which has elapsed between the appearance of the face of the 
shield and the ena of the t a i l p i e c e at a p a r t i c u l a r clay cross-
section, and 
b) the time which has elapsed between the t a i l p i e c e retreat and the 
f i r s t contact grouting operation. 
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During the f x r s t phase of the excavation, the clay i s assumed to 
behave e l a s t i c a l l y , the r a d i a l and tangential stresses within the p l a s t i c 
region being drawn by broken l i n e s . In essence, during that phase, there 
i s no p l a s t i c zone at a l l . For the second phase of the excavation, an 
elasto-plasLic behaviour has been adopted and the stresses mside the 
p l a s t i c region were given by the continuous l i n e s . 
The stress s i t u a t i o n at the sprmglme resembles that described by 
KASTNER (1962) for the d i s t r i b u t i o n of secondary stresses adjacent to a 
circ u l a r tunnel where a pseudo-plastic stress slate i s applied. I t should 
be noted that i n the second phase of excavation, due to the l i m i t e d time 
during which the clay i s allowed -co deform fre e l y , i t i s quite possible for 
the r e a l p l a s t i c state not to develop f u l l y , so giving way to a rather pseudo-
pl a s t i c stress s i t u a t i o n instead. 
I t may be argued that there i s a t h i r d phase of ground movement which 
i s characterized by the setting of the grout. During the s t i f f e n i n g 
progress, the inward incursion of the clay i s progressively resisted to 
create a changing stress s i t u a t i o n around the tunnel. 
Any attempted specification of that new stress i s a matter of speculation, 
but i t i s worthwhile to note that the clear trend for some u p l i f t of the 
ground above the s o f f i t as recorded m boreholes X1, Y1, Z1 ( see Figures 
4-2.1., if.2.2., if.2-3«) for the tunnel advance over 10 metres may be explained 
on the basis of t h i s changing ground-lining interaction effect (see ATTEWELL 
and FARMER, 1974). 
6.3 STRAIN ENERGY RELEASE DURING TUNNELLING. 
Changes m the status of stress and the r e s u l t i n g ground movements due 
to tunnelling i n an el a s t i c medium may be interpreted m terms of the release 
8 6 
of s t r a i n energy due to the excavation. Conceptually, the v a r i a t i o n 
of the s t r a i n energy stored i n the ground i s the p o t e n t i a l factor which 
drives the ground disturbance. 
The theory of e l a s t i c i t y provides the means of estimating the 
var i a t i o n of s t r a i n energy that results from tunnelling m an annulus 
of ground with radius R ( R ^ R q ) . Thus, considering a deep unlmed 
tunnel with an i n t e r n a l radius R q, surrounded by an homogeneous, iso-
t r o p i c and tec t o n i c a l l y undisturbed ground, i t i s necessary to f i n d 
a n a l y t i c a l expressions for the pre-existing s t r a i n energy which i s stored 
i n the ground due to the hydrostatic stress f i e l d xn addition to the new 
state of s t r a i n energy which i s established a f t e r the tunnel drive. 
The difference between these two values should express the amount of 
energy which has been released during tunnelling. This change of s t r a i n 
energy i s important since i t provides the tr i g g e r i n g mechanism for the 
development of ground movements which might be associated with any 
excavation. 
The examination of that particular problem has attracted the attention 
of various authors, notably JAEGER and COOK (1969) w n o presented some 
relationships connecting the i n t e r n a l radius of the tunnel, the radius of 
the annulus, the i a s t i c parameters of the surrounding ground and the hydro-
s t a t i c stress, with the s t r a i n energy before and a f t e r tunnelling. 
Prior to drivin g the tunnel, the s t r a i n energy per u n i t length stored 
i n an annulus of radius R(R^R Q) due to the hydrostatic stress of the medium i s , 
Tt(l +V)(1 - 2V) p 2 p 
W = - o* (R - R ) (6.3.1.) 
1 E v o 
and a f t e r the tunnel i s driven i t becomes 
TI(1 +V)o" v 2 [(1 - 2V)R I F + E 2 R 0 2 ] 
W = 5 (6.3.2.) 
D E(R - R D ) 
o 
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where, 
V i s Poxsson's ratxo of the ground, 
E 15 Young's modulus of the ground, 
a 
V 
xs the hydrostatxc stress of the ground 
R 
o 
i s the i n t e r n a l radius of the tunnel, 
R xs the radxus of the annulus, 
W1 xs straxn energy before tunnelling, 
W2 xs straxn energy after tunnelling, 
and W xs s t r a i n energy due to tunnellxng. 
Obvxously,the change xn straxn energy due to tunnelling xs gxven by 
w2 - w v 
w = w2 - w (6.3.3.) 
JAEGER, op c i t usxng the same pattern of calculatxons, also proposed 
a relatxonshxp gxvxng the dxsplacement CU^)induced at R by drxvxng the 
tunnel. 
Thus, 
I T 2(1 +V)(1 -V) a R 2R , , v U = v o (.0.3.4./ 
E(R 2- R 2 ) o 
An attempt has been made, however, to apply the above formulae to the 
tunnel xn questxon and to fxnd out the straxn energy and dxsplacement as a 
functxon of dxstance from the tunnel centre whxch, for convenxence, xs 
expressed by the dxmensionless ratxo • 
I t xs evxdent that the relationshxp involved includes terms which 
normally might be affected by the r a t i o R/R , by the overburden pressure 
o 
0"^  =Y^ > ^  Young's modulus, and by Poxsson's ratxo. Therefore, xn an 
attempt to xmprove the basxs of the analysxs xt was decxded to accommodate 
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i n t o the calculatxons the functions. 
a = f (R/R ) 
(6.3.5«) 
E = f(R/R Q) 
making the no-volume change assumption, that i s by supposing that Poisson's 
r a t i o i s equal to 0.5 o r - i n order to avoid n u l l terms- O.Zf8. The value of 
O.Zf8 seems to be j u s t i f i a b l e on the basis of the laboratory test r e s u l t s . 
These results are presented i n Chapter 5 of the thesis. 
Values f o r the v a r i a t i o n of Young's modulus with depth for the same 
clay were provided by MARSIANDf 1973) who conducted t r i a x i a l compression tests 
on 98mm diameter specimens. 
F i n a l l y , entering the radius of the tunnel as R = 2.035m, some 
calculations were carried out (tabulated m the Table 6.3.I.) and the graphs 
are presented m Figure 6.3«1-
As shown m Figure 6.3* 1« the s t r a i n energy due to tunnelling (the 
difference i n energy between the states of before and a f t e r tunnelling) 
increases s i g n i f i c a n t l y where the r a t i o R/RQ approaches unity from the value 
of if tunnel r a d i i , while for values over 1+ there i s a more or less uniform 
relationship between s t r a i n energy and distance from tunnel centre. As the 
r a t i o R/RQ approaches the value of 1A-5 - which approximately corresponds 
to the ground surface - the s t r a i n energy appears to. be very small, j u s t 
enough i n fact to s a t i s f y the few millimetres of surface settlement. On 
the other hand, the employment of the displacement formula leads to very 
in t e r e s t i n g results when the predicted function of displacement versus depth 
i s compared with the actual relationship measured xn the research boreholes. 
Figure 6.3-2. shows the two curves on the same graph f o r comparison 
purposes. I t i s apparent that the two curves are compatible with one another -
subject to some deviations m the v i c i n i t y of the opening - when the estimated 
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("theoretxcal") curve implxes higher settlements than those actually 
measured. I t may be argued that t h i s behaviour i s quite expected because 
the " t h e o r e t i c a l " curve completely ignores the ground s t a b i l i s a t i o n 
processes and the early l i n i n g erections which d r a s t i c a l l y reduce further 
displacements. 
F i n a l l y , both curves m Figure 6.3-2. do change t h e i r slopes m a 
quite marked manner at a point where the distance from tunnel centre i s 
about 8m. This approximates to the value k for the r a t i o R/R . 
o 
6.k GROUND DEFORMATION IN THE VICINITY OF THE TUNNEL 
Post t a i l p i e c e and pre-groutmg clay deformations were reported by ATTEWELL 
and FARMER (1972) a f t e r the completion of a micrometric measurement programme 
conducted m s i t u m the tunnel under question. The observations were 
carried out through grout holes i n a newly-erected r i n g of cast iron l i n i n g 
segments j u s t o f f the t a i l p i e c e 30 minutes a f t e r the shield shove. IT; I S 
believed that the results represent the state of clay deformability at that 
time. The thickness of the annular void between the l i n i n g and the clay 
was accurately measured for eight d i f f e r e n t points around the circumference. 
Noting that the actual void annulus might have been s l i g h t l y d istorted 
from i t s o r i g i n a l c i r c u l a r cross-section to an e l l i p t i c a l one due to the 
l i n i n g ' s own weight d i s t o r t i o n , a simple calculation results m an expression 
for the theo r e t i c a l void annulus as a function of the elevation angle. 
ATTEWELL and FARMER op c i t . subtracted the actual from the theo r e t i c a l values 
to estimate the absolute value of clay displacement for each of the eight 
positions under consideration. 
On the basis of those data, a graph was prepared i l l u s t r a t i n g the 
absolute r a d i a l displacement of the clay versus the angle (Figure 6.4-1-)-
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I t should be noted that the graph constitutes a major deviation from the 
expected configuration of clay displacement around the opening, according 
to the e a r l i e r concept of WARD and THOMAS (1965). 
I t i s usually accepted that once a tunnel has been constructed i t tends 
to become distorted so that i t s horizontal diameter i s increased and i t s 
v e r t i c a l diameter i s correspondingly reduced. This mode of deformation 
i s termed "squatting". As DRUCKER (1943) pointed out, where the v e r t i c a l 
loading exceeds the active l a t e r a l pressure the horizontal diameter increases 
u n t i l i t has built-up a s u f f i c i e n t l a t e r a l passive resistance from the ground. 
WARD and THOMAS (1965) showed that the diameters of continuously l i n e d 
circular tunnels i n the horizontally bedded London clay become shorter i n 
the v e r t i c a l d i r e c t i o n and lengthened horizontally,during which time a 
uniform circumferential thrust - equivalent to the f u l l overburden pressure 
acting hydrostatically - was slowly mobilized, and that t h i s effect occurred 
irrespective of the method of construction. 
These observations are i n some c o n f l i c t with the results of the 
measurements outlined a l i t t l e e a r l i e r , where the clay seemed to be thrust 
upwards at the s o f f i t while converging at axis l e v e l . Nevertheless, 
ATTEWELL and FARMER (1972) carried out i n s i t u measurements of moisture 
content changes i n the clay at the tunnel face i n order to check the pore 
water s i t u a t i o n which was an important element appearing 
i n the interpretations of WARD and THOMAS op c i t . 
However, the moisture content calculations for samples of clay taken 
at d i f f e r e n t depths in t o the clay and across the tunnel face i n cruciform 
configuration produced inconclusive results which neither supported nor 
rejected the large suction pressure arguments of WARD and THOMAS. 
I t i s worth noimg that MUIR WOOD (19^9, 1971) measured ground move-
ments of an a i r f i e l d runway during the construction of a cargo tunnel at 
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Heathrow a i r p o r t . His records of tunnel deformation showing that there 
was a small increase i n tunnel diameter was i n some disagreement with 
the measurements of WARD and THOMAS (1965) where for the V i c t o r i a l i n e , 
the horizontal diameter increased and the v e r t i c a l diameter decreased. 
However, such discrepancies between observations for d i f f e r e n t tunnels 
i n the same s o i l lend a certain degree of impetus towards a theoretical 
i n t e r p r e t a t i o n , and the use of el a s t i c theory - although not e n t i r e l y 
satisfactory - i s at t h i s stage probably v a l i d . 
The modified elastic displacement equations for the b i a x i a l stress 
f i e l d may be wri t t e n a f t e r DEERE et a l (1969) as. 
|(1 + K) + if (1 - K)(1 -V) cos 2 e ] -UH - ( 1 + V > 
Ti 2 
O 
R 
R^ o 
R3 
(1 - K) cos 2 6 .... (6. if. 1.) 
[pEO2/R + R^A 3] ve - ~y~ (1 +v)d - K) | aa^ + H.Vfr' I sm 2 e (6.^.2.) 
where i s the r a d i a l displacement, 
Vg I S the tangential displacement, 
a i s the overburden pressure, 
E i s Young's modulus f o r the clay, 
V i s Poisson's r a t i o of the clay, 
K i s the r a t i o a. /a f o r the clay m i t s undisturbed state, h v 
R i s the tunnel radius, o 
R i s the r a d i a l distance from tunnel axis, 
and 6 i s the polar co-ordinate angle with the v e r t i c a l axis 
representing 0 = 0 . 
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Values for the r a d i a l displacement have been plott e d as a function of 
the dimensionless r a t i o R/RQ m Figure 6.if.2. This p a r t i c u l a r graph 
contains a family of curves representing d i f f e r e n t angles 6 for the 
domain defined by 0 5 ( e <9o°. This elast i c treatment tends to indicate 
that for axis l e v e l the r a d i a l displacements are greater than those 
displacements at s o f f i t . 
I t may, therefore, be coneluded that, taking i n t o account; the K Q 
v a r i a t i o n with depth for the London Clay and using e l a s t i c theory, i t i s 
possible to predict reasonable values for the r a d i a l displacements. 
The figures that emerge from the Lheory d i r e c t l y support the values 
actually measured i n s i t u . For comparative reasons, the r a d i a l d i s -
placements predicted by e l a s t i c theory for E = E q and for the f i r s t quadrant 
of the circumference are p l o t t e d m the same graph m Figure 6.^.3. as the 
results of the m s i t u measurements. Although there i s a consistent 
difference of 25 mm between the theo r e t i c a l and measured curves the reason-
able concordance m the shape of both curves suggests that the analysis 
proposed above produces a reasonable answer with respect to the form of the 
displacement d i s t r i b u t i o n as a function of angular elevation (6) around the 
tunnel. ^ m u s t be acknowledged, however, that the r e s u l t i s strongly 
dependent on the elast i c assumption wneieas we know that non-linear stfess - s t r a i n 
behaviour must occur. One thing must be stressed and that i s that inside 
measurements of l i n i n g deflection do not necessarily r e f l e c t the true deformation 
of the ground, p a r t i c u l a r l y soon a f t e r erection of the segments. 
Note that for technical reasons the graphs i l l u s t r a t e d m Figure o.Zf.2. 
calculated under the assumption that horizontal axis represents 6 = 0 ° . 
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CHAPTER 7 
STRESS PATH APPROACH FOR TUNNELLING IN LONDON CLAY 
7.1 INTRODUCTION. 
The present Chapter attempts to describe the employment of stress 
path theory m order to int e r p r e t the stress on an element of clay at 
a) the -cunnel axis l e v e l , and 
b) the t u n n e l s o f f i t l e v e l . 
Both elements are taken at a distance of 0.2 tunnel r a d i i from the 
free cut surface, of a cir c u l a r shield driven tunnel i n the London clay. 
The tunnel radius i s 2.035m- The approach i s based on t o t a l stresses 
and i t s v a l i d i t y i s necessariTyrestncted to the time that elapses between 
the creation of the excavation and before grouting. Pore pressure and 
possible volume change phenomena associated with the excavation are neglec-
ted. 
7-2 STRESS-PATH ESTIMATES DERIVED FROM THE ELASTIC-PLASTIC ANALYSIS 
Stress paths for the ground elements defined e a r l i e r and which deform 
during the tunnelling process can be described with the aid of e l a s t i c -
p l a s t i c analysis using equations 7«2.2. for the ela s t i c case and equation 
7.2.3« for the p l a s t i c stage of ground deformation (see DEEREet a l , 1969). 
aR = 0.5 oy £(1 + K)(1 - a 2) + (1 - K)(1 + 3a^ - Ifa 2 cos 2 8 ) ] 
oQ = 0.5 c*v Q(1 + K)(1 + a 2) - (1 - K)(1 + 3a 4) cos 2 
where a = R/R (7-2.2.) 
o 
and 
0£ = 0 1 + 2c "6 n a 
••(7•2» 3•) 
o_ = o- + 2 c (1 +^na) 
0 1 u 
I t may be argued that f o r both ground elements m question,the r a d i a l and hoop 
*Tho analysis performed m Chapter 6 has indicatedthat ground and constructional 
conditions could s a t i s f y the c r i t e r i o n for the formation of a p l a s t i c zone around 
the opening. 
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stresses are coincident with p r i n c i p a l t o t a l stresses or 
0 Q ~ a and <3n ~ d, (tunnel axis l e v e l ) , and 0 v K 11 
aa " d. and d_ «* a (-cunnel s o f f i t level,). 
Equations 7.2.2. and 7.2-3- are employed for a distance from the tunnel 
centre equal to a = = 1*2. The choice of that p a r t i c u l a r distance 
was governed by the desire to be very close to the tunnel circumference, 
avoiding m the meantime the free surface where for a - E/RQ = 1, then 
(Jg = 0 at both axis and s o f f i t l e v e l . 
* 
For the element of clay at axis l e v e l (K = I.65) i t was found that 
2 2 Og : a v = 813 kN/m , a = o h = 168 kN/m (e l a s t i c state of stress) and 
2 2 Og I d v = 1034 kN/m , 0 = a h = 212 kN/m (plast i c state of stress). For 
the element of clay at s o f f i t l e v e l (K = 1.70), the respective values are 
o^  Z o v = 160 kN/m2, = o h = 76O kN/m 2(elastic state of stress) and 
a Z d v = 137 kN/m2, a 0 = °"h = 6 6 9 kN/m2 ( p l a s t i c state of stress). As 
the i n i t i a l p r i n c i p a l stress r a t i o s K are known, one could presumably 
reconstruct the hypothetical stress path for these clay elements producing 
a rather general but comprehensive idea of stress mobilization during 
tunnelling. However, before tunnelling, the undisturbed clay i s represent-
ed m two -dimensional stress space (0^,0^) by the points A (axis l e v e l ) and 
A' ( s o f f i t l e v e l ) where the corresponding p r i n c i p a l stress r a t i o s + 
* The calculation of the stresses due to the p l a s t i c state are based on values 
for the undramed strength. These were obtained from laboratory results of uncon-
solidated undramed t n a x i a l compression tests on specimens of 38mm m diameter 
taken from the tunnel face ( 29m m depth) i n two mam directions coinciding with 
the p r i n c i p a l axes. The results show that 
2 
c u = 411 kN/m when the deviator stress i s applied p a r a l l e l to the ground 
2 surface 
c u = 266 kN/m when the deviator stress i s applied v e r t i c a l to the ground 
surface. 
+ These K rat i o s are estimated from SKEMPTON(1961) and by GOWLAND'S (1974) 
personal communication to the author. 
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are = 1.65 and ( = 1.70 (see Figure 7-2.1.). 
As soon as the excavation has been created, the clay moves towards a 
stress state represented by the point B (axis l e v e l ) and B* ( s o f f i t l e v e l ) 
where tne respective K values are = 0.20 and Kg, = Both points B 
and B1 correspond to the elasti c stress state due to tunnelling, and were 
calculated using equation 7-2.2. The values of Kg and Kg, indicate that 
there i s a trend for the ground to undergo active stresses (tunnel axis)and 
passive stresses (tunnel s o f f i t ) , where a considerable v e r t i c a l stress r e l e f 
seems to occur accompanied by minor changes i n the horizontal stress. 
Further stress change occurs due to the formation of a p l a s t i c zone 
around the opening and the new p l a s t i c state of stress i s marked by points C 
(axis level) and C ( s o f f i t l e v e l ) and by the K r a t i o s Kc = 0.20 and Kc, = 
Zf.80 respectively. For the element of clay at axis l e v e l i t may be argued 
that the stress difference from the elasti c to p l a s t i c state i s quite con-
siderable while the point C l i e s on the experimentally-defined TRESCA-line 
(see Figure 7-2.1.) being therefore at f a i l u r e . 
On the other hand the stress difference from the el a s t i c to p l a s t i c state for 
the element of clay at s o f f i t l e v e l i s very small and remote from the TEESCA-
l i n e (see Figure 7-2.1.). The K r a t i o for that element equals K^ , = Zf.80 and 
t h i s indicates a further stress change towards a passive state of stress. 
Perhaps t h i s passive state of stress i s to some extent responsible for the 
ea r l i e r mentioned (see Chapters k and. 6) apparent upwards movement of the clay 
at s o f f i t l e v e l as was detected from the instrumented boreholes, and from i n -
s i t u measurements on the deformation of the unlmed clay annulus surrounding the 
shield. 
*This l i n e has defined according to TRESCA'S f a i l u r e c r i t e r i o n , having an 
an a l y t i c a l expression ov = a, + 2c ^ h u 
7.3. THE SOIL-GROUT INTERACTION. 
For the tunnel xn question, a 1 1 water-ceraent grout was xnjected at 
low pressures behind the newly constructed lxnxng. GORDON (197**) has 
referred to the soil-grout xnteractxon pointxng out that grout xnxtxally 
xs v i r t u a l l y xncompressxble and w i l l tend to flow, but as xts shear strength 
xs increased wxth txme and i s compressed by the converging clay, the grout 
w x l l tend to bleed and shrxnk. The bleed water w i l l draxn xnto the clay, 
facxlxtatxng the softening phenomenon, and the remaxnxng grout w x l l gaxn 
stxffness wxth time while some reduction xn volume occurs. 
During the f i r s t stage of grouting, the clay continues to deform at a 
very slow rate. As soon as the stxffness of the grout converges to the 
value of the clay's stxffness, the l a t t e r xs subject to radxal recompressxon 
tendxng to restore xts orxgxnal stress f x e l d . 
For a l l of the above reasons x t xs dxffxcult bo reproduce - xn a stress 
path manner - the clay-grout in t e r a c t i o n bearxng also i n mxnd the fact that 
the degree of clay alteratxon due t o xntrusxon of bleed water xnto the clay-
grout interface xs completely unknown. 
7-k- MOBILIZED EARTH PRESSURE DURING SHIELD TUNNELLING. 
Before tunnelling, the clay element at tunnel axxs l e v e l xs at an 
undxsturbed stress state under K q condxtxons. As soon as the face approaches 
the clay s t a r t s to move and at the same txme undergoes a redxstrxbutxon of 
stress towards a state of actxve earth pressure, say K^ , (see Fxgure 7-4-1.). 
As the face advances forward, the clay moves to x n f x l l the bead volume. 
Thxs movement ceases when the bead xs closed. I t xs worth notxng that the 
probabxlxty of the bead's closure xs governed maxnly by the rate of clay 
deformatxon. ATTEWELL and BODEN (1971) proposed a laboratory method for the 
calculatxon of that rate of deformatxon under tunnelling condxtxons,(see Chapter 
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However, during t h i s time i n t e r v a l , the clay i s tending progress-
i v e l y towards smaller K values, say K,,. The time elapsed t ^ ) i s 
equal to the average exposure time for the clay element during passage of 
the shield. Exposure time may be defined by the r a t i o • length of shield 
plus the ta i l p i e c e / r a t e of tunnel advance. 
Due to bead closure - which i s the case for the clay tunnel m 
question - the r a d i a l convergence of clay i s r e s t r i c t e d by the shield-skin. 
Probably a small amount of f r i c t i o n and larger K values are developed to 
a condition K^ . 
When the t a i l p i e c e clears the cross-section and the l i n i n g has been 
i n s t a l l e d , the clay i s m r e l a t i v e l y inactive state u n t i l the i n j e c t i o n of 
grout. 
The f i r s t stage of grouting i s characterized by a strong clay-grout 
int e r a c t i o n r e s u l t i n g m a passive earth pressure b u i l t up during the setting 
time ( t , - t . , ) . 
h 3 
F i n a l l y , as the grout tends towards i t s ultimate value of s t i f f n e s s , 
the clay tends towards an ultimum value of earth pressure ( K ^ ^ ) . 
I t must be stressed that t h i s probably over-simple analysis i s l i m i t e d 
to the case of a clay element at tunnel axis l e v e l . I t w i l l be appreciated 
that the stress s i t u a t i o n at s o f f i t i s even more complicated. The nature 
of the analysis i s essentially q u a l i t a t i v e because i t i s p a r t i c u l a r l y d i f f i -
c u l t and probably impractical to assess quantitatively by theoretical means 
the mobilized earth pressure both during construction and m the long term. 
Such an appraisal could probably be achieved experimentally by the m - s i t u 
i n s t a l l a t i o n of earth pressure cel l s at strategic points on the circumference 
of the newly-installed l i n i n g . Even i n that case the question of early 
earth pressure mobilization - before the i n s t a l l a t i o n of any l i n i n g - must 
remain one of basic speculation. A programme of research for the 
determination of the creep properties for London Clay from specimens 
recovered at these p a r t i c u l a r depths would f a c i l i t a t e such analyses. 
99 
CHAPTER 8 
STABILITY OF SLURRY TRENCHES IN CLAY 
8.1 FACTORS AFFECTING STABILITY 
A slu r r y trench i s defined as an excavation supported by a sl u r r y 
based on the technique of bentonite suspension. 
The mam factors contributing to the s t a b i l i t y of sl u r r y trenches 
may be summarised as follows 
a) The slur r y properties. 
b) The ground properties. 
c) The position of the water table and the l e v e l of bentonite. 
d) The degree of sl u r r y penetration i n t o the ground and the 
res u l t i n g modification of the shear strength and effective stress 
parameters of the ground. 
e) The geometrical configuration of the trench. 
f ) The effects of arching and the transfer of pressures by shear. 
g) E l e c t r i c a l phenomena associated with the s l u r r y . 
a) Effect of slurry properties 
RENAU (1972) states that the specific weight of the bentonite 
suspension and the increase of t h i s weight by non-colloidal p a r t i c l e s m 
suspension has a major effect on trench s t a b i l i t y . I t w i l l i n fact be 
shown i n Section 8.2 that the so-called s t a b i l i t y factor, determined by 
Coulomb wedge analysis, i s a function of the unit weight of the s l u r r y . 
Another factor a f f e c t i n g the flow properties of sl u r r y i s the water/solids 
r a t i o . 
CARON (1973) c l a s s i f i e d the primary and secondary factors a f f e c t i n g 
the characteristic properties of bentonite suspensions and water/cement 
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grouts as shear resistance, viscosity and y i e l d i n g time. Figure 8.1.1 
i l l u s t r a t e s some grout properties. 
Ground properties are also important, p a r t i c u l a r l y the unit weight, 
undrained shear strength, and f r i c t i o n angle. These factors determine 
the s t a b i l i t y factor, the Safety factor and the shape and extent of the 
disturbed or deforming ground area behind the trench. On the other hand 
the K and K coefficients determine the degree of earth pressure mobili-
sation i n the ground inside the hypothetical Coulomb wedge, 
c) The position of the water l e v e l and the l e v e l of bentonite 
The influence of that factor i n the overall trench s t a b i l i t y can be 
i l l u s t r a t e d by considering (FARMER, 197*t) the "actual forces" acting 
on the trench sidewall. Thus the t o t a l horizontal force i n saturated 
s o i l having a ground water le v e l at a depth z^ where E^z^ (H i s the 
height of the wall) i s given b y 
where i s the coefficient of active earth pressure 
Y i s the density of the s o i l 
Yw i s the density of water 
This force w i l l be reduced by the t o t a l hydrostatic force exerted by the 
suspension and m the case of a bentonite s l u r r y i s given by. 
b) Ground properties 
P o K LA (H - z r ..(8.1.1.) * 'w w 
z (H ) + (Y - Y ) <H ~ z ) ' ' w w w w 
p = ....(8.1.2.) 
where i s the l e v e l of bentonite suspension, 
i s the density of the suspension. 
* FARMER(l97if), personal communication. 
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d) Slurry penetratxon 
The significance of slu r r y penetration depends on the type of the 
s o i l . Thus, as pointed out by ELSON (1968), m soi l s with intermediate 
permeability, the formation of an impermeable f i l t e r cake i s assumed at 
the interface between slu r r y and s o i l . On the other hand, m highly 
permeable s o i l s , the slurry penetration i s of great important and must be 
taken in t o account. ELSON op c i t argues that penetration of the mud into 
the s o i l i s due to negative pore pressures induced by s o i l d i l a t i o n and 
shearing. This negative pore pressure w i l l serve to increase the shearing 
strength of the s o i l . LA RUSSO O963) reported that m such a s o i l a 
radius of penetration up to 17m from the trench centre l i n e i s possible. 
e) Trench geometry 
The effect of trench geometry has been considered by many authors, 
notably MEYERHOF (1972) and PRATER (1973)- MEYERHOF examined the l a t e r a l 
earth pressure and the short term s t a b i l i t y of a sl u r r y trench i n saturated 
clay, extending the solution for the stress d i s t r i b u t i o n around a shallow 
c y l i n d r i c a l cut. This solution supplies an equation for the net horizontal 
pressure at any depth. 
a = Cy'- y'h)z - 2c u (8.1.3.) 
where Y -s the effective unit weight of clay 
and i s the effective u n i t weight of bentonite suspension 
and m that solution the c r i t i c a l height of stable trench sidewall i s given 
b y 
kc 
H = — - (8.1.Zf.) 
MEYERHOF op c i t suggested, however, that the value 2 m equation (8.1.3.) 
and the value 4 m equation (8.1. if.) are l i k e l y to be replaced by a value of 
earth pressure coefficient defined according to the equation. 
K = 2 1n(2D/B + 1) - i j (8.1.5.) 
where D/B i s the dimensionless r a t i o of depth/width, as^b^wnj^S&J'Figure 8.1.2.a. 
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Fxnally, m another study, PRATER (1973) related the depth/length r a t i o 
of a slu r r y trench to the i n c l i n a t i o n of a linear Coulomb-type rupture 
surface of an hypothetical wedge acting behind the trench. This r e l a t i o n -
ship i s of the form: 
f -' c°s6 _ i .....(8.1.6.) 
tan 6 - 1 
where f i s the length/depth r a t i o . The above relationship i s i l l u s t r a t e d 
m Figure 8.2.if. 
f ) Arching and stress transfer effects. 
The effects of arching and transfer of earth pressure by shear are of 
great importance as they e n t a i l a decrease of earth pressure both v e r t i c a l l y 
between the s o i l below the trench bottom and the guide walls at the top and 
also horizontally across the sub-soil adjacent to the panel excavated. A 
useful discrimination between arching and stress transfer by shear w i l l be 
considered m Section 8.3* RENAU (1972) suggested that the arch action i s 
m fact three dimensional and v a u l t - l i k e . The vault action consists of a 
re - d i s t r i b u t i o n of stresses m the s o i l mass caused by the movements of the 
trench walls. Figure 8.1.2.b provides a schematic configuration of horizontal 
arching m a r i g i d l y sheeted v e r t i c a l cut with fixed upper edge and yiel d i n g 
lower edge, and of v e r t i c a l arching behind a f l e x i b l e bulkhead. Both cases 
were reported by TERZAGHI (19^1) and appeared i n TSCHEBOTARIOFF (1951). 
g) E l e c t r i c a l phenomena 
Another interesting feature of a s l u r r y i s the development of e l e c t r i c a l 
phenomena m the suspension. The suspension as a system (bentonite and 
water) i s e l e c t r i c a l l y neutral with the negative charges on the clay surfaces 
completely balanced by the positive charge of the exchangeable cations m 
water. The difference m ion concentration between the suspension and the 
surrounding s o i l could i n i t i a t e movement of water by osmosis. This osmobic 
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pressure, although small i n magnitude, may be an additional factor 
contributing to the s t a b i l i t y of s l u r r y trenches. 
F i n a l l y , m addition to these key factors, some secondary factors 
influence s t a b i l i t y . These include the method of construction, the rate 
of excavation and i t s relationship to the rate of s o i l deformation at the 
s l u r r y / s o i l interface, and the possible l u b r i c a t i o n of s l i p planes caused 
by loss of f l u i d through the wall cake and aided perhaps byswelling caused 
by the action of large horizontal forces which exist within s t i f f fissured 
clays. This l a t t e r point was noted by PULLER C1974) xn the case of London 
Clay. 
8.2. DERIVATION OF THE CRITICAL DEPTH (H ) 
One of the classical problems i n foundation engineering i s the 
determination of the maximum depth which corresponds to the l i m i t equilibrium 
conditions of an unsupported v e r t i c a l cut m a cohesive s o i l . COULOMB (1773) 
posed and solved the problem assuming the existence of a rupture surface 
behind the cut which separates the slipping material from the undisturbed 
material. 
Although Coulomb admitted m p r i n c i p l e the idea of a curved f a i l u r e 
surface, he based his calculation on the assumption of a triangular wedge. 
By a simple resolution of forces acting on that wedge he stated that the 
greatest or c r i t i c a l depth (H ) to which a trench could be dug i n cohesive 
s o i l without the sides f a l l i n g m would be determined by the equation 
H = cote where, 0 = (-2 - %• ) (8.2.1.) 
cr % k 2 
Using Coulomb's main analysis, an attempt w i l l be made to derive an equation 
for the c r i t i c a l depth i n the case of a slurry-supported trench both for 
case of a plane triangular wedge and a three dimensional prismatic wedge. 
The s o i l behind the trench i s assumed to be perfect l y p l a s t i c with an undrained 
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y i e l d strength m shear, while the unit weight of s o i l and the 
bentonite suspension are treated as depth-independent variables. 
8.2.1. TWO DIMENSIONAL COULOMB WEDGE ANALYSIS IN PURELY COHESIVE SOIL. 
A simple analysis of the s t a b i l i t y of a slurry-supported wedge can 
be obtained by resolution of forces (Figure 8.2.1.) along the rupture 
surface. 
Wsin 6 - C - Pcos 8 - Wcos 8 tan 0 = 0 (8.2.2.) 
The weight, hydrostatic force, and cohesive resistance ( a l l per unit length) 
are given as: 
W =yH 2/2tan 8 , P = Y b H2/2 , C - c^H/sui 8. 
Substituting values of W, P and C m equation 8.2.2., re-arranging, and 
f i n a l l y solving f o r H we have 
2c 
H = ^ (.8.2.3) 
Y(cos 8 sin 8 - cos 6)-Yb sin 8 cos 8 
Taking in t o account the fact that 
2 
cos 8 sin 8 - cos 8 =0.5 tan 8 
i t follows that. 
2c 
H = 2-^-- = (8.2.Jf.) 
i - sin 8 cos 8 
2tan 6 
At f a i l u r e , a c r i t i c a l value of the angle 6, say 8 » w i l l correspond to a 
c r i t i c a l value of heightH^. Minimization of height implies maximization of 
the denominator m equation 8.2.^. This i s s a t i s f i e d for the value 6 = -2 . 
Therefore, 
he 
H = \, (8.2.5.) 
cr Y" Y b 
105 
Equation 8.2.5* i s a modification of the o r i g i n a l Coulomb relationship 
and i t provides a higher value for H as a res u l t of the un i t weight 
decrease ("Y _Y)* 
be taken as a factor of safety. One may argue that t h i s analysis ignores 
possible tension cracks m the clay which reduce the factor of safety. 
Equation 8.2.5* may also be written i n the form 
This function i s expressed m Figure 8.2.2. where a quick appraisal of the 
c r i t i c a l depth ) i s feasible provided that the properties of the clay and 
the bentonite are known. 
8.2.2. THREE DIMENSIONAL COULOMB WEDGE ANALYSIS IN PURELY COHESIVE SOIL 
i s transformed to a triangular prism as i s shown m Figure 8.2.3* I t i s 
obvious that the difference between a two- and three-dimensional analysis i s 
the consideration by the l a t t e r of a cohesive resistance acting at both ends 
i n a direc t i o n p a r a l l e l to the rupture plane. 
Using the same s t a t i c arguments as previously, i t i s possible to write 
the l i m i t equilibrium equation along the rupture plane as: 
("Y-Yb> 
NASH and JONES (1963) have suggested that the r a t i o kc ffly-y.) must 
he 1 u VH 
Y cr 
.....(8.2.6.) 
In the three dimensional analysis, the triangular wedge (see Figure 8.2.1.) 
Pcos 6 - Wsin 6 + C + C = 0 ....•(8.2.7*) o 
Taking i n t o account the fact that. 
W 
P 
LVH cot 6/2 
LVJT72 
C H 2cot 8c/2 
C q= LHc/sm 8, 
i t follows that. P cos 0 =y~ti£~cos 6/2 - LHc/sxn 6 - H 2 C cot 0/2 (8.2.8.) 
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Expressing the s t a b i l i s i n g force as force/unit length: 
P/L = yR2/2 - 2Hc/sxn 2 8- H2c/L sin 6 (8.2.9.) 
Introducing PRATER1S (1973) dimensionless factor, 
f = length/depth = L/H 
P/L =yE2/2 - He (2/sin 2 8 - ( l / f ) s x n 6) (8.2.10.) 
PRATER op c i t argues that c r i t i c a l equilibrium i s obtained when: 
d(P/L) = 0 (8.2.11.) 
de 
The f u l f i l l m e n t of t h i s condition reveals a c r i t i c a l value of factor ( f ) : 
f = _£°|_° (8.2.12.)* 
tan 6 - 1 
Figure 8.2.4- i l l u s t r a t e s the relationship between the angle 6 with the 
r a t i o f . Using t h i s r a t i o f , an attempt w i l l be made - as for the two-
dimensional case - to express the s t a b i l i t y factor as a function of the u n i t 
weight r a t i o . 
Rewriting equation 8.2.10., i t follows t h a t ' 
YbH2/2 = yE2/2 - He (2/sin 2 8 - ( l / f ) s i n 6) (8.2.13.) 
Substituting equation 8.2.12. for 8.2.13«i w e have: 
H = , ^ • JSS^T (8.2.14.) 
cr {y-y^J sm26 
and f i n a l l y . 
, . "Yb v ^ Cu t a n 2 8 , Q _ . c 
Y = y*Z (8.2.15.) 
ft 
see also equation 8.1.6. 
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This relationship i s plotted i n Figure 8.2.5« and i t w i l l be noted that 
for a given value of the r a t i o ty/y^) the s t a b i l i t y factor increases as 
theta (e) decreases. For the p a r t i c u l a r value of the r a t i o Y 1 ^ = 1, the 
s t a b i l i t y factor i s independent of the angle (6) and i s equal to zero. 
This extreme condition corresponds to a purely hypothetical case wheie 
Y = and i s described by the l i m i t 
kcu 
l i m -TTtT = 0 (8.2.16.) Y " » cr 
The p r a c t i c a l implication of equation 8.2.15- i s clear for i t permits - at 
the design stage - the estimation and therefore the optimization of the 
s t a b i l i t y factor and, m effec t , the c r i t i c a l height H for d i f f e r e n t 
values of the r a t i o YAk ^ o r v a r i o u & i n c l i n a t i o n s of the shear plane. 
Application 
As w i l l be seen m some d e t a i l i n the next Chapter, the deep excavation 
m question was a 6.1m long, 0.8m wide and 15m deep bentonite s l u r r y -
supported diaphragm w a l l , excavated i n the s t i f f , fissured over-consolidated 
London day. 
According to NASH and JONES (l963),the factor of safety of that trench 
w i l l be. 
4c , -cn ,»/ 2 
F.S. a _ k x 150 kN/m _ , 
^Y-Y^ 15m (2-1) Mg/m3 
where 
c = 150 kN/m2 * u 
H = 15m 
Y = 2 Mg/m3 
V = 1 Mg/m3 'b 
L = 6.1 m 
B = 0.8m. 
I f no effe c t i v e stress changes take place, and the excavation i s open only 
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for a matter of days, then c = c u and $ = 0, hence the i n c l i n a t i o n of 
the shear surface must be 8 = k5>° + ^ /2 = k5°• 
8.3 NORMAL STRESS TRANSFER IN SLURRY TRENCHES. 
One of the dominant factors contributing to the s t a b i l i t y of slurry 
trenches m cohesive s o i l i s Lhe effect of the transfer of earth pressures 
i n the form of shear stresses. 
Despite i t s importance, t h i s factor i s rarely referred to e x p l i c i t l y 
m the l i t e r a t u r e . Almost a l l s t a b i l i t y analyses do, however, mention the 
ground arching e f f e c t . 
TSCHEBOTARIOFF (1951, 1973) made a useful discrimination between these 
two ground functions. While conceptually they both involve some transfer 
of pressures by discrete shear they do d i f f e r r a d i c a l l y m that arching 
pre-supposes the existence of "two r i g i d boundaries" able to withstand the 
mobilized earth pressure. I n the case of s l u r r y trenches, the guide w a l l 
at the top and the s o i l below the trench bottom could probably be considered 
as " r i g i d boundaries". Nevertheless, for deep excavation m purely 
cohesive s o i l (rf = 0°) i t i s perhaps more accurate to regard s t a b i l i t y from 
the standpoint of stress-transfer rather than i n terms of arching. 
S t a b i l i t y analyses which take arching i n t o account should be primarily 
concerned with cohesionless material where the f r i c t i o n angle i s the key 
factor determining the magntiude of earth pressure. Such analyses have been 
introduced by various authors and notably by SCHNEEBELI (1964), PIASKOWSKI and 
KOWALEWSKI (1965) and HUDER (1972). In the present section an attempt w i l l be 
made to present schematically the forces acting on a ground element i n the cross-
section (Figure 8.3«1») of a three dimensional Coulomb wedge (Figure 8.2.3-)• 
These forces are 
a) The weight of the s o i l element, 
J cot8dz) + \ cot 0dz dW dz (8.3.1.) 
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b) The hydrostatic force exerted by the bentonite suspension. 
dP = y b L z d z (8.3-2.) 
c) The force due to shear resistance along the rupture plane i s -
dz 
dC = L c — a .....(8.3.3.) 
sin6 
d) The force due to shear resistance along both ends i s : 
dCQ = c Qxq- cote dz) + \ cote dz^j dz (8.3.Zf.) 
The equation determining s t a b i l i t y of the s o i l element with dimensions 
(L,X Q,dz) may be obtained by a resolution of the forces p a r a l l e l to the 
rupture plane 
dC +dC + cos6 dP + (a +da )(X -cot6dz) L sxn6 - sm6dW - a X L sin6 = 0 O V v o V o 
.....(8.3.5.) 
Substituting dC^ dC^ jdW and dP for equation 8.3«5« and neglecting d i f f e r e n t i a l s 
of the second order and d i f f e r e n t i a l products, i t follows that 
do a 
-T 2- + TT- ( — on + Y u z ) + T 2 ^ - Y " t T — = 0 (8.3.6.) 
dz H-z sin26 'b Lsm6 • H-z 
The l a t t e r equation i s a t y p i c a l l i n e a r , f i r s t order d i f f e r e n t i a l equation of 
the form 
+ P(x)y = Q(x) (8.3.7.) 
and i t s solution offers the appropriate integrations* 
•v/ 2 K 
a = - —_„ _ JE- !_ +£( -y)(H-z) + , R _ R , 
2 H-z * Lsin6 ' H-z ..... (.0.3.0.) 
2c z 
"V ~ ~sm26 H-z 
where i s the integration constant, which i s determined by the boundary* 
conditions of the problem. This relationship (equation 8.3.8.) i s an 
* 
Admittedly from the mathematical point of view there are some d i f f i c u l t i e s m 
ar r i v i n g at the boundary stresses, especially f o r z=H where a l l the acting forces 
apparently coincide to a single point. 
expression of the normal stress transfer effect m the form of a function 
<J = f ( z ) , with parameters the length of the trench (L) and the properties 
of the groundCcj'Y ) and the bentonite suspension ("Y^ )« 
CHAPTER 9 
GROUND MOVEMENTS CAUSED BY A DIAPHRAGM WALL EXCAVATION IN LONDON CLAY 
9.1. INTRODUCTION 
The structure under investigation was a 6.1m long, 0.8m wide and 15m 
deep slurry-supported diaphragm w a l l excavated i n a s t i f f , fissured, over-
consolidated clay (London Clay) forming one side of a proposed square 
access shaft to an underground railway tunnel. A new method of con-
struction had been adopted which carried out the excavation m three 
stages using the B.W. Longwall D r i l l system with reverse c i r c u l a t i o n of 
bentonite. The depth of the excavation, i t s method of construction and 
i t s proximity to adjacent underground structures necessitated the design 
of a ground monitoring system i n order to register ground movements 
associated with the excavation. The m - s i t u measurement programme was 
aimed at the determination of l a t e r a l s o i l deformations and surface and 
subsurface settlements. This was achieved through measurements m 
instrumented boreholes. 
Some of the results of the project are reported by FARMER and 
ATTEWELL (1973)- However, m the present Chapter these results w i l l be 
presented m a more detailed manner while a post-construction earth 
pressure analysis w i l l be developed m order to predict the shape and 
magnitude of the recorded ground deformations. This analysis consists 
of two d i f f e r e n t approaches, namely, 
I . A semi-empirical approach derived from a combination of TERZAGHI and 
PECK (1967) trapezoidal earth pressure d i s t r i b u t i o n modified by the 
hydrostatic pressure due to bentonite suspension, and 
I I An el a s t i c theory approach developed by MEYERHOF (1972). 
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9.2 THE WORKING SITE. 
The s i t e of construction was m central London (Green Park corner) 
and i t s geology was of some complexity (Attewell, 197*1-)*• Nevertheless, 
the major part of the excavation was i n overconsolidated,stiff,fissured 
London Clay. The s i t e plan, geology and s o i l properties are i l l u s t r a t e d 
i n Figure 9.2.1. 
9-3 METHOD OF CONSTRUCTION 
The operational process for the excavation of the bentonite-supported 
diaphragm w a l l , using the B.W. Long wall d r i l l , and the B.W. Support and 
excavation system, i s schematically presented m Figure 9«3«1- The Figure 
i s taken from the journal 'Ground Engineering' (1971) and i l l u s t r a t e s the 
arrangement for the mud c i r c u l a t i o n system, which l i n k s the BWN-558O 
submersible d r i l l i n g u n i t with a slu r r y separation and treatment plant. 
The excavation was constructed i n three panels (Figure 9-^.1«). The 
sequence of excavation was Panel A f i r s t , followed by Panels B ( l e f t hand) 
and Panel C (centre). Figure 9«3«2. visualizes the excavation progress 
which was rather i r r e g u l a r and r e l a t i v e l y slow, with long h a l t periods, 
especially as far as panels A and B are concerned. This feature,caused 
by machine breakdown,was undesirable from both f i n a n c i a l and geotechnical 
pomts of view, the f i n a n c i a l impact of constructional delays being s e l f -
evident, while the geotechnical aspect could be understood m terms of y i e l d 
and softening of ground surrounding the diaphragm w a l l . The l a t t e r 
s i t u a t i o n could eventually lead to p o t e n t i a l l y unstable ground situations. 
9.1+ MONITORING SYSTEM. 
In order to monitor l a t e r a l s o i l deformations and v e r t i c a l surface and 
sub-surface settlements, four boreholes (BH1, BH2, BH3 and BH/f) were i n s t a l l e d 
ATTEWELL, personal communication. 
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at distances of 0.6m, 2.1m, 4.1m and 6.1m from the edge of the excavation. 
The four boreholes lay on a plane which intersects the plane of the wall 
at r i g h t angles, at i t s centre point, as i s shown i n Figure 9-4-1. 
Borehole BH1 was 18m deep being 0.6m from the sidewall, while the other 
boreholes vere only 10m deep. V e r t i c a l surface movements were monitored 
using a Cooke S440 precise l e v e l to an established bend mark. A complete 
surface l e v e l survey was usually carried out once a day and at frequent 
int e r v a l s during c r i t i c a l periods of excavation. Horizontal subsurface 
movements were monitored using a Mark IT Soil Instruments inclinometer 
with d i g i t a l read-out computing to 0.1mm horizontal displacement over a 
metre v e r t i c a l length. Inclinometer access tubes with orthogonal guide 
keyways were located p a r a l l e l to and normal to the longitudinal plane of the 
diaphragm w a l l . V e r t i c a l subsurface movements were measured at magnetic 
rings located at approximate 3m i n t e r v a l s ( f o r BIH) along bhe inclinometer 
access tubes. V e r t i c a l settlements and inclinometer readings were measured 
to an accuracy of + 0.1mm. Subsurface v e r t i c a l settlements were measured with 
+ 1mm of error. 
9-5 OBSERVED BEHAVIOUR DURING CONSTRUCTION. 
From the results settlement development p r o f i l e s m a v e r t i c a l plane 
normal to and passing through the wall centre l i n e and at d i f f e r e n t depths 
m BH1 were computed and are presented i n Figure 9«5.1. The pattern of 
settlements m t h i s Figure indicates that 
I . A maximum settlement occurred at the depth of 7-5-8.Om, approximately 
one h a l f of the t o t a l height of the w a l l , 
I I I t appears that the ground was r e l a t i v e l y slow - m general - to respond 
to the excavation since the major settlement occurred between the l8th 
and 20th day from the beginning of the construction. This conclusion 
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i s not en t i r e l y j u s t i f i e d since the BH1 i s m front of panel C (see Figure 
9-4.1.) whose excavation started on the 17th day (see Figure 9«3«2.). 
I t i s , therefore, reasonable to accept that the ground m BH1 i s v i r t u a l l y 
unaffected by the excavation of panels A and B, while the ground behind 
panel C i s not slow to respond during the excavation of that p a r t i c u l a r 
panel. 
I I I . 
Durmg the l i m i t e d time i n t e r v a l of s i x days, i . e . 20th to 26th, there i s 
no s i g n i f i c a n t v a r i a t i o n of the pattern of settlements. This statement 
i s reinforced by the shape of the graph for the maximum setblement versus 
depth as shown m Figure 9»5«2. 
This graph shows that a maximum settlement occurs at a depth approximately 
8m. This might have been related to the progress of excavation m panel B and 
maybe m panel C,where long stand-up periods at the p a r t i c u l a r l e v e l of 9m may 
have affected the neaxby clay i n a way permitting the possible occurrenceof 
v e r t i c a l consolidation. 
Another in t e r e s t i n g feature documented i n Figure 9«5«1« i s that the 
par t i c u l a r subsurface horizon of 16.9m (note that the maximum height of the 
wall i s 15m) moves m a way that confirms the existence of a bottom heave trend. 
Fmally, a transverse surface settlement p r o f i l e i s i l l u s t r a t e d m Figure 9-5«3« 
I t i s i n t e r e s t i n g to note that the maximum value of the r a t i o 
distance from excavation = 0.3 
maximum depth from excavation 
while the maximum value of the r a t i o 
maximum depth from excavation = Nevertheless, PECK ( 1 9 6 9 ) , 
r e f e r r i n g to case studies of deep excavation - long walls - using standard 
soldier p i l e s or sheet p i l e s braced with crossbracmg or tiebacks, found that 
f o r conditions of average workmanship the respective r a t i o s are equal to 
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2.0 and 1$. I t could be argued, therefore, that bentonxte-supported 
excavations surpassed the t r a d i t i o n a l constructional methods providing 
l i m i t e d extension of the surface settlement p r o f i l e (15$ of the value 
obtained by the l a t t e r methods), and very l i m i t e d magnitude of maximum 
settlement. 
Theevolution of l a t e r a l deflection p r o f i l e s i n time i s taken from 
FARMER and ATTEWELL (1973) and i s i l l u s t r a t e d i n Figure 9-5.*f. The 
recorded maximum deflection i s l6mm for BH1, 6mm f o r BH2, 2.6mm f o r BH3 
and 0.0mm for BHZf. These maxima occurred at depths of 5m for BH1, and 
6m f o r BH2 and BH.3. I t i s obvious that BHif l i e s out of the disturbed 
ground zone. Combining v e r t i c a l and horizontal s o i l movements for BH1, 
a two-dimensional v e c t o r i a l representation i s attempted m Figure 9.5-5-
similar to that presented by FARMER and ATTEWELL (1973). In the lower 
part of that Figure, the slope of the ground deformation vector (^Q) i s 
p l o t t e d against depth ( z ) . Both graphs of t h i s Figure indicate that the 
horizontal component of the vector i s more evident at depths of 2~^6m while 
the v e r t i c a l component dominates at depths below 10m. A schematic 
representation of maximum horizontal ground deflections i n each borehole 
i s shown m Figure 9«5-6. 
Following an estimation - by an approximate extrapolation - of depths 
where ground deflection i s zero f o r BH1, 2, 3 and 4, a scaled diagram has 
been drawn (Figure 9»5-7-) where the disturbed ground zone appears to be of 
parabolic shape. The parabola intersects the ground surface at a point 
displaced 6.2m from the edge of the sidewall. A characteristic feature of 
th i s parabola i s i t s slope of if5 degrees at the point of maximum height of 
the w a l l . Nevertheless, i t must be stressed that t h i s pattern of ground-
affected area i s only a rough approximation of r e a l s i t u a t i o n . The 
quantitative consideration of the parabolic p r o f i l e i s highly speculative, 
but i t i s reasonable to accept the q u a l i t a t i v e nature of t h i s l i n e of 
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demarcation for the ground deformed zone. 
9-6 POST-CONSTRUCTION EARTH PRESSURE ANALYSIS 
Various attempts have been made to calculate the earth pressures 
responsible f o r the recorded sidewall deformation during the excavation. 
FARMER and ATTEWELL (1973) suggested that the sidewall of the wedge was 
similar to a yiel d i n g retaining wall f l e x i b l y supported by the bentonite 
suspension, and that i s subject - during excavation - to the resultant stress 
equal to the difference between the trapezoidal earth pressure d i s t r i b u t i o n 
suggested by TERZAGHI and PECK (1967), and to the hydrostatic pressure 
exerted by the bentonite suspension. This d i s t r i b u t i o n i s shown m Figure 
9.6.1. AltnOugh trapezoidal earth pressure d i s t r i b u t i o n i s i n use for design 
purposes m braced excavations, i t was probably assumed by the authors that 
the deformation mechanism of a s l u r r y trench i s comparable to that of a 
braced excavation i f one accepts that each l e v e l of bentonite suspension 
"constitutes" an equivalent s t r u t a I that l e v e l . Therefore, the s l u r r y 
method could be equivalent to a bracing system with "continuous" s t r u t s , 
i . e . s t r u t s placed i n such a succession as i f no sidewall was l e f t uncovered 
On the other hand, MEYERHOF (1972) examined the l a t e r a l earth pressure of a 
slurr y trench m saturated clay and proposed that the net l a t e r a l 
pressure at depth (z) i s given by. 
ae = (KJY -Y B ) Z (9-6.1.) 
The pressure p r o f i l e calculated from equation 9«6.1. i s shown m Figure 
9.6.2. together with the linear v a r i a t i o n i n Kq with depth ( f o r London Clay) 
as proposed by COLE and BURLAND (1972) m a similar analysis. 
Nevertheless, MEYERHOF'S relationship i s very reasonable because during 
excavation under bentonite i t i s probably s u f f i c i e n t to say that l a t e r a l 
earth pressure i s replaced by the supporting hydrostatic pressure of the 
bentonite suspension. As t h i s support pressure i s applied immediately 
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following excavation, the deformation measured i n i t i a l l y at the borehole 
represents the relaxation of the s o i l at that position m a mainly 
horizontal direction as a r e s u l t of the replacement of the o r i g i n a l 
horizontal constraining pressure ( K ^ z ) . 
9.7 PREDICTED HORIZONTAL GROUND DEFORMATION 
Two displaced positions of borehole BH1 have been selected for analysis, 
the position of 9-11-72. (FARMER and ATTEWELL, 1973) t when the central panel 
was j u s t finished and concreted, and a " f i n a l " horizontal deformation p r o f i l e 
taken at 27 - 1-73- (ATTEWELL and FARMER, 1972). These horizontal deform-
ation p r o f i l e s are i l l u s t r a t e d m Figure 9-7-1- A considerable time-
dependent deformation appears for the l a t e r BH1 p r o f i l e at depths between 
10m and 15m, while the ground appears to be stable at depths between 1 to 
10 metres. 
This apparent s t r e s s r e l i e f over the lower one t h i r d of the diaphragm 
wall might be attributable to bad workmanship. There appears to have been 
some trench collapse prior to concreting which was delayed due to machine 
f a i l u r e s and contract d i f f i c u l t i e s . . 
In order to predict the horizontal deformation p r o f i l e near the sidewall 
of the diaphragm wall two different approaches were used. The f i r s t i s 
that proposed by MEYERHOF (1972) who, using e l a s t i c theory r e s u l t s , calculated 
the r a d i a l deformation at any depth (z) for a deep c y l i n d r i c a l cut m clay as 
5^= (i+v) ^  B 
.....(9«7«1•) 
where the net l a t e r a l pressure i s , 
°z = (KoY~Yb)z (9.7.2.) 
Substituting equation 9-7-2. for equation 9-7-1 
g d H - y H K J - Y ^ z B ( 9 . 7 . 3 . ) 
2E 
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Using the relationship of K q versus depth, of COLE and BURLAND (1972), 
a Poisson's r a t i o equal to V = O.Zf8 and a Young's modulus for London Clay-
equal to 60 MN/m2 ( a f t e r MARSLAND, 1971), a calculation for s o i l deflection 
versus depth was obtained (see Table 9-7-1.) and i s shown m Figure 9«7-1« 
One rould romment that the proposed p r o f i l e f a i l s to reproduce the shape 
and magnitude of the actual p r o f i l e as i t i s developed j u s t a f t e r the 
excavation (9.11-72.). Another approach i s that considered by MYRIANTHIS 
(1974c) where the influence area of the relaxed zone i s assumed equivalent 
to the area bounded by a t y p i c a l 45 degrees Coulomb wedge (as i n the 
s t a b i l i t y a n a l y sis developed m Chapter 8 ) . The magnitude of the deform-
ation w i l l depend on the extent of the relaxed zone, determined by the 
amount of any arching or st r e s s - t r a n s f e r , and the pressure gradient m t h i s 
zone. Accordingly, excluding arching or st r e s s - t r a n s f e r phenomena (see 
Chapter 8) the deflection must be given as. 
k= 0 ^ H - z ) (9-7-4.) 
This relationship i s i n fact another form of Hooke's law and i s 
obviously v a l i d for e l a s t i c deformations only. 
As for the variation of the net effective horizontal s t r e s s with 
depth the s t r e s s distribution developed by FARMER and ATTEWELL (1973) was 
adopted,as i s shown i n Figure 9-6.1. 
The calculations were based on the stated e l a s t i c properties, i . e . 
E = 60 MN/m and V = O.48, while the unit weight of the clay was taken 
as 2 Mg/m"^  and the unit weight of the bentonite suspension was taken as 
•z 
1 Mg/m . (For the detailed calculation see Table 9-7-2.). 
The deformation p r o f i l e resulting Irom the calculation was m good 
agreement with the actual p r o f i l e measured at 9-13-72., having a peak 
deformation of 14.5mm aE 4m depth instead of the actual l6.0mm at 5m 
depth. The shape of the predicted p r o f i l e i s also i n accordance with 
that of the actual profxle, while xt decays more rapxdly towards 
the value of zero horxzontal deformatxon. 
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CONCLUSIONS. 
A theoretxcal analysis supported by case studies of soft ground 
tunnelling has revealed that mere i s :-
a) an exponential relationship between the r a t i o of maximum surface 
settlement to tunnel radius and the tunnel geometry expressed by 
the r a t i o of depth to diameter, 
b) a l i n e a r relationship between the th e o r e t i c a l volume of s o i l 
excavated and the volume of s o i l within the surface settlement 
curve as defined by an error function, and 
c) a relationship taking the form of a modified normal distribution 
function between the dimensionless r a t i o maximum surface s e t t l e -
ment/tunnel radius and the tunnel advance expressed i n units of 
length. 
I t i s also concluded that a relationship can be formulated between 
the loss of ground due to tunnelling or the maximum surface settlement 
and the time factor (the l a t t e r factor takes the form of the rate of 
tunnel advance, and the rate of clay deformation). 
The transverse surface settlement p r o f i l e can be approximated to a 
normal probability curve having a maximum surface settlement equal to 6mm 
and a point of i n f l e c t i o n at an approximate distance of 15m from the 
tunnel centre l i n e . This l a t t e r distance exceeds that displaced from that 
predicted by an empirical relationship between depth, diameter and inflexion 
distance as formulated by PECK (1969). The apparent basal f l a t n e s s of 
the settlement curve may perhaps be attributed to quite strong l a t e r a l 
decompression upon excavation. I t has been further postulated (ATTEWELL 
and FARMEK, 1972) that such l a t e r a l decompression may cause some re-consoli-
dation at s o f f i t and invert leading to the apparent u p l i f t at depth which 
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attenuates towards ground surface. 
For the tunnel m question, the study of ground deformations i n a 
v e r t i c a l plane along the tunnel centre l i n e indicates that the clay 
predominantly subsides m a v e r t i c a l manner but i t also deflects 
horizontally towards the direction of tunnel advance for pomts m front 
of the s h i e l d . As the s h i e l d clears the v e r t i c a l l i n e of reference, 
an apparent retraction of the horizontal component of the movement occurs, 
while settlement does continue gradually behind the s h i e l d u n t i l ground 
s t a b i l i z a t i o n by grouting i s achieved. 
A cross-sectional view of the ground deformations reveals that, as 
might be expected, the mam component of the ground motion vector i s a 
v e r t i c a l one. Ground deformation occurs for a distance of 5 tunnel r a d i i 
either side of the centre l i n e . This i s in some disagreement with theor-
e t i c a l expectations on the assumption of the formation of a 45 degrees 
incli n e d hypothetical shear f a i l u r e plane defining boundaries of the 
disturbed from the undisturbed ground. Following retraction of the shield, 
a substantial clay motion continues while the tunnel advances a distance of 
30m beyond the reference point. 
Results from u i - s i t u measurements of the deformability of a clay 
annulus j u s t off the t a i l p i e c e of the s h i e l d tend to show that a major 
inward clay movement takes place at the a x i s l e v e l , while outward motion 
appears at soffat and i n v e r t . Consequently, a reduction of the horizontal 
diameter and an increase of the v e r t i c a l diameter should be expected. These 
r e s u l t s are confirmed by e l a s t i c deformation analysis which take into account 
the high values of K q existing at depth m London Clay. However, these 
findings tend to contradict the r e s u l t s of previous investigations for 
s i m i l a r tunnelling and ground conditions- r e s u l t s which suggest (from l i n i n g 
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deformation measurements) - that the clay 'squats' v e r t i c a l l y when i t i s 
decompressed. 
Ground movement records taken during the excavation of a bentonite-
supported diaphragm «/all have indiCdLed -chat 
a) consequential surface settlement of the ground was of negligible 
magnitude and extent, 
b) the magnitude, extent and development of horizontal ground deformation 
i s more pronounced than the v e r t i c a l defoima-cion. A maximum 
deflection of l6mm was observed at a depth of (one thi r d of the 
t o t a l neight of the w a l l ) , while a maximum v e r t i c a l settlement of 6mm 
was recorded at a depth of 7«7m» Also, a limited trend for bottom 
heave formation was detected. 
c) the deformed ground zone (on a v e r t i c a l plane normal to the longitudinal 
a x i s of the wall) appeared to be of parabolic form. 
d) Post-construction earth pressure analysis has revealed that a semi-
empirical approach to ground deformation i s generally s a t i s f a c t o r y 
since i t reproduces the shape and magnitude of the actual ground 
deflection p r o f i l e . On the other hand, e l a s t i c theory has f a i l e d 
to confirm the actual ground deformation trends. 
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TABLE 2 . 6 . 1 . Above T u n n e l l i n g m varxous s o i l s 
Below Records f o r the t u n n e l advance and 
the d i m e n s i o n l e s s r a t i o s m a - - / ^ ^ o r 
s i x case s t u d i e s o f 
T A B L E NR 1 t u n n e l l i n g ; . 
N U M B E R C A S E R E F E R E N C E D E P T H T O 
T U N N E L 
A X I S ( m ) 
D I A M E T E R 
2 R ( m) 
7. » 2 R U L T l M U M 
S m a x / R 
x l O - 3 
S O I L C O N D I T I O N S 
* 
N A I i O Y A 
U T I L I T Y 
T U N N E L (point 
A ) 
s a m e 
( p o i n t B ) 
8 S C H M I D T 
1 9 6 9 
do 
7 4 3 4 1 0 1 B 2 2 5 8 5 S I L T " S A N D « B O V E T u t 
G R O U N D W A T E R L E V E L 
2 
do d o d o 2 3 4 1 d o 
3 
S A N F R A N C I S C O 
B A R T 
M A R K E T S I R 
R B P E C K S 
F I L E S 
1 9 6 8 
1 7 3 0 5 2 5 3 3 0 2 0 6 1 
S l L T Y C L A Y W I T H S A N D Y 
L E N S E S 
4 
T O K Y O 
H A N E D A 1 9 6 8 
B S C H M I D T 
1 9 6 9 
1 0 . 2 9 - 1 1 3 5 6 6 0 1 5 6 - 1 7 2 
( T S 4 ) 
3 4 5 4 
S A N D B E L O W T H E 
G R O U N D W A T E R L E V E L 
s T Y N E S ' D E T U N N E L U K 
1 9 7 3 
P B A T T E W E L L 
1 9 7 3 
7 3 0 2 0 2 3 6 5 7 6 2 
L A M I N A T E D C L A Y 
6 
T U N N C L . J 
L O N D O N 
C L A Y ' 9 7 2 
A T T E Y 7 E L L 
& F A R M E R 
(1972) 
2 9 3 0 4 1 4 7 1 0 2 8 9 
O V E R C O N S O L I D A T E D 
S T I F F F I S S U R E D C L A Y 
T A B L E M R 2 
T U N N E L 
A D V A N C E 
{ m ) 
^mox 
{ m m ) 
^ m n x / R 
x 10" 3 
T U N N E L 
A D V A N C E 
( m ) 
^ max 
< m m ) 
s m o x ' « » 
x l O " 3 
T U N N E L 
A D V A N C E 
( m ) 
^ Tfiax 
( m m ) 
S m a x " » 
x . O - 3 
C A S E NR 1 0 2 2 5 B 5 8 5 6 2 0 6 1 3 
- 3 S O 2 4 3 12 4 Q 5 1 5 4 5 10 7 0 0 6 9 3 
1 2 0 0 9 7 5 2 4 4 6 3 17 74 4 0 7 7 0 7 6 2 
5 3 7 5 1 8 2 9 3 9 5 4 0 20.61 
8 4 1 2 2 0 0 9 C A S E N » 6 
11 5 0 0 2 4 3 9 C A S E NR 4 
* 
- 2 0 0 5 
0 2 4 
3 4 5 3 0 2 5 8 5 0 8 2 4 2 - 1 0 1 4 2 0 6 8 
7 3 3 2 9 6 9 0 2 8 5 1 J 7 
C A S E N R 2 100 4 8 1 4 5 4 1 0 4 4 2 2 1 3 
- 6 2 6 5 1 2 9 1 2 5 7 4 2 2 4 2 2 0 5 0 7 2 4 4 
- 2 3 3 0 2 6 0 1 5 0 9 0 2 7 2 7 3 6 6 0 0 
2 8 9 
2 I Q O O 4 8 7 2 1 0 1 0 6 3 2 1 2 
14 3 6 5 0 1 7 8 5 3 3 0 114 3 4 5 4 a 
18 4 4 5 0 2 1 7 5 T h e m i n u s s i gn in t u n n e l 
a d v a n c e m e a n s t h a i t h e 
tunnel a p p r o o c h m g 3 0 4 8 0 0 2 3 4 i C A S E NR 5 
- 3 110 1 0 8 
C A S E J R 3 - 2 1 6 5 1 6 3 
- 6 7 5 2 8 6 0 2 9 0 2 8 7 
135 
TABLE 5 - 3 - 1 . 
P o i s s o n ' s r a t i o measurement d u r i n g t n a x i a l 
undraxned t e s t s on 38mm d iameter samples , 
c o l l e c t e d m two mam d i r e c t i o n s , p a r a l l e l 
and normal to s t r a t i f i c a t i o n -
D e v i a t o r s t r e s s P r i n c i p a l s t r e s s P r i n c i p a l P o i s s o n ' s s t r a i n 
s t r e s s r a t i o r a t i o 
kN/m 2 kN/m 2 % 
= 490 kN/m 2 sample o r i e n t a t i o n v e r t i c a l 
0 . 0 490 1 0 . 5 0 0 0 . 0 
26 516 0 . 9 4 0 . 4 9 9 0 . 1 3 
50 540 0 . 9 0 O .498 0 . 2 6 
- - - O .498 0 . 3 9 
74 564 0 . 8 6 0 -497 0 . 5 2 
89 579 O . 8 4 0 . 4 9 6 0 . 6 5 
170 660 0 . 7 4 0 . 4 9 3 1.18 
260 750 0 . 6 5 0 . 4 9 0 1.70 
333 823 0 . 5 9 O . 486 2 . 2 3 
400 890 0 -55 O . 486 2 . 7 5 
448 938 0 . 5 2 O .488 3 . 2 8 
484 974 0 . 5 0 0 . 4 9 2 3 . 8 0 
506 996 0 . 4 9 0 . 4 9 6 4-33 
L99 989 0 -49 0 . 5 0 2 4 .85 
= 650 kN/m 2 sample o r i e n t a t i o n v e r t i c a l 
0 . 0 65O 1 0 . 5 0 0 0 . 0 
78 728 0 . 8 9 0 . 4 9 9 0 . 1 3 
106 756 O . 85 O .498 0 . 2 6 
128 778 O . 83 O .498 0 . 3 9 
- 778 - 0 . 4 9 7 0 . 5 2 
- 778 - O .496 0 . 6 5 
196 846 O . 76 0 . 4 9 3 1.18 
251 901 0 . 7 2 0 . 4 9 0 1.70 
136 
306 956 0 . 6 7 0 . 4 8 7 2 . 2 3 
357 1007 O . 6 4 0 . 4 8 4 2 . 7 5 
391 1041 0 . 6 2 O.Z,82 3 . 2 8 
421 1071 0 . 6 0 0 . 4 8 1 3 . 8 0 
433 1083 0 . 6 0 0 . 4 8 1 4 -33 
451 1101 0 . 5 9 o. i (8o 4 . 8 5 
463 1113 0 . 5 8 0 . 4 7 9 5 . 3 8 
475 1125 0 . 5 7 0 . 4 7 8 5 . 9 0 
488 1138 0 . 5 7 0 . 4 7 8 6 . 9 5 
497 1147 O . 56 0 . 4 7 5 8 . 0 0 
497 1147 O . 56 0 . 4 7 5 9 . 0 5 
499 1149 O . 5 6 0 . 4 7 3 1 0 . 1 
T = 700 kN/m 2 sample o r i e n t a t i o n : v e r t i c a l 
0 . 0 700 1 0 . 5 0 0 0 . 0 
13 713 O .98 0 . 4 9 9 0 . 1 3 
17 717 0 . 9 7 0 . 4 9 8 0 . 2 6 
26 726 O . 96 0 . 4 9 8 0 . 3 9 
47 747 0 . 9 3 0 . 4 9 7 0 . 5 2 
60 760 0 . 9 2 0 . 4 9 5 0 . 6 5 
168 868 0 . 8 0 0 . 4 9 1 1.18 
249 949 0 . 7 3 O.Z186 1.70 
318 1018 0 . 6 8 0 . 4 8 1 2 . 2 3 
387 1087 0 . 6 4 0 . 4 7 5 2 . 7 5 
431 1131 0 . 6 1 0 . 4 7 0 3 . 2 8 
446 1146 0 . 6 1 O.Zt64 3 . 8 0 
479 1179 0 . 5 9 O . 4 6 2 4 . 3 3 
489 1189 0 . 5 8 0 . 4 5 9 4 .85 
488 1188 0 . 5 8 0 . 4 5 7 5 . 3 8 
137 
= 780 kN/m 2 sample o r i e n t a t i o n v e r t i c a l . 
0 . 0 780 1 0 . 5 0 0 u . o 
56 836 0 . 9 3 0 . 4 9 9 0 . 1 3 
91 871 0 . 8 9 O .498 0 . 2 6 
130 910 0 . 8 5 0 . 4 9 8 0 . 3 9 
163 943 0 . 8 2 0 . 4 9 8 0 . 5 2 
l 8 i f 964 0 . 8 0 0 . 4 9 7 0 . 6 5 
291 1071 0 . 7 2 0 . 4 9 7 1.18 
378 1158 O . 6 7 0 . 4 9 6 1.70 
440 1220 O . 63 0 . 4 9 5 2 . 2 3 
496 1276 0 . 6 1 0 . 4 9 4 2 . 7 5 
537 1317 0 . 5 9 0 . 4 9 4 3 . 2 8 
568 1348 0 . 5 7 0 . 4 9 3 3 . 8 0 
596 1376 O . 56 0 . 4 9 2 4 . 3 3 
614 1394 0 . 5 5 0 . 4 9 2 4 . 8 5 
623 1403 0 . 5 5 0 . 4 9 0 5 . 3 8 
634 1414 0 . 5 5 0 . 4 9 3 5 -90 
6 VI 1421 0 . 5 4 O . 496 6 . 9 5 
1 = 400 kN/m 2 sample o r i e n t a t i o n h o r i z o n t a l 
0 . 0 400 1 0 . 4 9 8 0 . 0 
72 472 O . 8 4 0 . 4 9 7 0 . 1 3 
89 489 0 . 8 1 0 . 4 9 7 0 . 2 6 
113 513 0 . 7 7 0 . 4 9 6 0 . 3 9 
1V5 545 0 . 7 3 0 . 4 9 5 0 . 5 2 
182 582 0 . 6 8 0 . 4 9 5 O . 65 
307 707 O . 5 6 O.L .92 1.18 
426 826 O .48 O .489 1.70 
5V1 941 0 . 4 2 O . 487 2 . 2 3 
651 1051 O . 38 0.2*84 2 . 7 5 
743 1143 0 . 3 4 0 . 4 8 2 3 . 2 8 
804 1204 0 . 3 3 0 . 4 7 9 3 . 8 0 
825 1225 0 . 3 2 0 . 4 8 2 4 . 3 3 
a = 440 kN/m sample orientation horizontal. 
0 . 0 440 1 0 . 5 0 0 0 . 0 
67 507 0.86 0 . 4 9 9 0 . 1 3 
69 509 0.86 0 . 4 9 8 0 . 2 6 
89 529 O . 83 0 . 4 9 8 0.39 
119 559 O .78 0.497 0 . 5 2 
143 583 0 . 7 5 0.497 0 . 6 5 
250 690 0 . 6 3 0.494 1.18 
372 812 0 . 5 4 0.493 1.70 
494 934 0 . 4 7 0 . 4 9 1 2 . 2 3 
598 1038 0 . 4 2 0.490 2 . 7 5 
679 1119 0 . 3 9 0 . 4 8 9 3 . 2 8 
760 1200 0 . 3 6 0 . 4 8 7 3 . 8 0 
823 1263 0 . 3 4 0 . 4 8 6 4.33 
870 1310 0.33 0 . 4 8 5 4 . 8 5 
905 1345 O . 3 2 0 .484 5 . 3 8 
922 1362 O . 3 2 0 . 4 8 3 5 - 9 0 
898 1338 O . 3 2 O.48O 6 . 9 5 -
811 1251 0 . 3 5 0 . 4 8 1 8 . 0 0 
= 620 kN/m2 sample orientation horizontal 
0 . 0 620 1 0 . 5 0 0 0 . 0 
72 692 0 . 8 9 0 . 4 9 9 0 . 1 3 
104 724 O . 85 0 . 4 9 8 0 . 2 6 
135 755 0 . 8 2 0 . 4 9 8 0 . 3 9 
156 776 0 . 7 9 0 . 4 9 7 0 . 5 2 
180 800 0.77 0 . 4 9 7 0 . 6 5 
281 901 0.68 0 . 4 9 5 1.18 
380 1000 0 . 6 2 0.493 1.70 
477 1097 O . 5 6 0.491 2 . 2 3 
564 1184 0 . 5 2 0 . 4 8 9 2 . 7 5 
626 1246 0 . 4 9 0 . 4 8 7 3 . 2 8 
682 1302 0 . 4 7 0 . 4 8 5 3 . 8 0 
715 1335 O . 4 6 0 . 4 8 3 4 .33 
729 1349 0 . 4 5 0 . 4 8 1 4 . 8 5 
735 1355 0 . 4 5 0 -479 5 . 3 8 
731 1351 0 . 4 5 0 . 4 7 7 5 . 9 0 
= 760 k N / w 2 sample o r i e n t a t i o n h o r i z o n t a l . 
0 . 0 760 1 0 . 5 0 0 0 . 0 
6 766 0 . 9 9 0 . 4 9 8 0 . 1 3 
26 786 0 . 9 6 0 . 4 9 8 0 . 2 6 
65 825 0 . 9 2 0 . 4 9 7 0 . 3 9 
87 847 O . 89 O .496 0 . 5 2 
128 888 O . 85 0 . 4 9 5 0 . 6 5 
255 1015 0 . 7 4 0 . 4 9 3 1.18 
363 1123 O . 6 7 O .488 1.70 
464 122 if 0 . 6 2 O . 483 2 . 2 3 
593 1353 O . 5 6 0 . 4 7 9 2 . 7 5 
635 1395 0 . 5 4 0 . 4 7 4 3 . 2 8 
713 1473 0 . 5 1 0 . 4 7 1 3 . 8 0 
764 1524 0 . 4 9 O . 462 4 . 3 3 
780 1540 0 . 4 9 0 . 4 5 9 4 . 8 5 
833 1593 0 . 4 7 0 . 4 5 3 5 . 3 8 
813 1573 O .48 0 . 4 4 7 5 . 9 0 
TABLE 6 . 3 . 1 . 
C a l c u l a t i o n o f s t r a i n energy r e l e a s e and v e r t i c a l ground 
d i sp lacement due to t u n n e l l i n g , a c c o r d i n g to r e l a t i o n s h i p s 
proposed by JAEGER and COOK ( 1 9 6 9 ) . 
D i s t a n c e from 
T u n n e l c e n t r e 
Young 1 s 
Modulus 
S t r a i n energy V e r t i c a l 
Displacement 
R / R 
0 
* 
E W 1 W 2 
W -W„ 
2 1 
U 
x l O ^ N / m 2 x 1 0 5 k N 
mm 
2 280 2 . 1 4 3 0 . 3 8 2 8 . 2 4 3 8 . 0 
3 262 5 -19 24 .91 19 -72 2 1 . 1 
243 8 . 7 9 2 5 . 6 2 16 .83 1 4 . 8 
5 224 1 2 . 5 3 2 7 . 2 4 1 4 . 7 1 1 1 . 3 
6 205 1 6 . 1 0 2 8 . 8 9 12 .79 9 . 1 
7 187 18 .98 2 9 - 9 1 10 .93 7-5 
8 168 2 1 . 0 4 3 0 . 2 2 9 .18 6 . 3 
9 149 2 1 . 8 6 29 -34 7 .48 5 - 4 
10 131 2 1 . 0 0 2 6 . 7 3 5-73 ^ . 5 
11 112 1 8 . 5 5 2 2 . 7 7 4 . 2 2 3 . 8 
12 93 14 . 32 1 7 . 0 6 2 . 7 4 3 - 1 
13 75 8 . 4 5 9 . 8 1 1.36 2 . 2 
14 51 2 . 6 4 3 . 0 2 O .38 1.3 
Where the s t r a i n energy b e f o r e t u n n e l l i n g (W^) the s t r a i n energy a f t e r 
t u n n e l l i n g and the v e r t i c a l d i sp lacement of t h e s o i l (U) a r e g i v e n by equat 
= I K 1 * V ) < 1 « 2 V ) «2 ( R 2 _ R o 2 } 
w = *<1 + V ) 0, 
2 [ ( 1 - 2 V ) R i f + R ^ 2 ] 
2 r — = — and 
E ( R - R D ) 
o 
U R = 2 ( 1 + V ) ( 1 - V ) a y K ^ H 
( R 2 - R 2 ) E 
o 
note t h a t R = O . 48 and R Q = 2 .035m ( t u n n e l r a d i u s ) 
* 
E (Young's modulus) has been taken from MARSLAND (1973) 
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TABLE 9 . 7 . 1 
C a l c u l a t i o n o f the e a r t h p r e s s u r e a c t i n g behimd the diaphragm w a l l 
( s e e Chapter 9 ) and the ground deformat ion m boreho le BH1 a c c o r d i n g to 
the e l a s t i c t h e o r y approach (MEYERHOF, 1972) and the s e m i - e m p i r i c a l 
approach (FARMER and ATTEWELL, 1975 and MYRIANTHIS, 1 9 7 4 c ) . 
Depth z m 
metres 
2 
E a r t h p r e s s u r e kN/m 
. .. _ — ^ 
Ground de format ion , mm 
E l a s t i c Theory-
approach 
S e m i - e m p i r i c a l 
approach 
E l a s t i c theory 
approach 
S e m i - e m p i r i c a l 
approach 
1 22 20 0 . 2 2 4 .66 
2 58 40 O .38 8 . 6 6 
3 104 60 1.03 12 .00 
4 156 80 1.53 14-66 
5 210 70 2 . 0 7 11 .66 
6 264 60 2 . 6 0 9 . 0 0 
7 316 50 3 . 1 1 6 . 6 6 
8 364 40 3 -59 4 . 6 6 
9 408 30 4 . 0 2 3 . 0 0 
10 446 20 4 . 4 0 1.66 
11 478 10 4 . 7 1 0 . 6 6 
12 504 0 4 -97 0 . 0 
13 525 - 1 0 5 . 1 8 - 0 . 3 3 
14 543 - 2 0 5 -35 - 0 . 3 3 
15 555 - 3 0 5 . 4 7 0 . 0 
where 
i3 = 0.8m 
y = 2Mg/m 3 
X = 1 Mg/m
3 
H = 15m 
V = 0 . 4 8 ( s e e Chapter 5 ) 
E = 60 MN/m2 ( a f t e r MARS LAND, 1971) 
K 
0 
= v a l u e s taken from COLE and BURLAND, 1972 . 
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A1 
APPENDIX 1. 
PROTODYAKONOV'S DE-COUPLED ARCH 
The arching theory developed by PROTODYAKONOtf(see SZECHY, 1967) xs based 
on the determxnatxon of the n a t u r a l arching geometry development above a 
tu n n e l , n e g l e c t i n g the e f f e c t of depth. The s t a b i l i t y o f such an arch i s 
eslablxshed when the stresses along the arch are p u r e l y compressxve and are 
not associated wxth bendxng. Fxgure A.1.1. i l l u s t r a t e s the geometry and 
the forces a c t i n g upon the arch. 
SZECHY (1970) presented a d e t a i l e d analysxs from whxch the c a l c u l a t i o n o f 
the surface settlements due t o s h i e l d t u n n e l l i n g m cohesxonless soxls was 
pos s i b l e . The dominant assumption i n the a n a l y s i s was the equxvalence 
between the volume o f the settlement p r o f x l e and the sum of the volume o f 
materxal enterxng a t the face, the volume of annular voxd behind the Ixnxng 
created by the t a x l s k x n and the volume r e s u l t x n g from the voxd created by the 
materxal compressxon wxthxn a PROTODYAKONOV de-coupled arch. However, as the 
s h i e l d xs advanced and the prxmary l i n i n g xs b u x l t wxthxn the t a x l s k x n , there 
xs a loosening of the s o x l mass as x t collapses t o f x l l t he voxd around the 
lxnxng as the shxeld moves forward. Very e a r l y xnjectxon wxth grout or pea 
gr a v e l when shoving of the l a s t rxng of segments w x l l reduce thxs value of 
voxd thxckness, say u q , by some f a c t o r . ^ The maxxmum thxckness of the annular 
voxd w x l l be due t o the thxckness o f the shxeld bead plus any slackness between 
the inner surface o f the s k i n and the lxnxng extrados. 
Let the double shxeld skxn thxckncss be 2$ , and the slackness be A. Then 
u q = 26+A, or t a k i n g i n t o account the v o i d r e d u c t i o n f a c t o r ^ , 
u q = \ (26 +A) (A.3.1.) 
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FIG. A 11 
Development of 
Protodyakonov s theory 
of roof arching . 
A.3 
This v o i d w i l l cause loosening o f the s o i l mass above the t u n n e l crown 
and arching e f f e c t s w i l l develop up t o a l i m i t i n g h o r i z o n . The whole 
transverse p r o f i l e and settlement geometry due t o the pressure arch gen-
e r a t i o n i s shown m Figure A.1.2. 
The geometric elements o f the arch connected w i t h the geometry o f the 
transverse p r o f i l e are as f o l l o w s 
arch w i d t h B = 2R(cosecB + cot|3 ) (A.1.2.) 
arch h e i g h t h = 2P(cosecB + c o t B ) (A.1.3-) 
2tan 0 
or, h = arch w i d t h f o r a cohesionless m a t e r i a l , 
tan 0 
I t i s p o s s i b l e t o c a l c u l a t e the compressive settlement o f the detached 
parabola of s o i l due t o i t s g r a v i a t i o n a l pressure. The average pressure 
a c t i n g v e r t i c a l l y downwards through g r a v i t a t i o n a l s e l f - w e i g h t equals j'h/2. 
The average s t r a i n m the s o i l i s 
decrease i n h e i g h t _ u 
o r i g i n a l h e i g h t ~~ ^— 
Y h 2 Therefore, u = — — (A.1.1+.) 1 dxi 
where, 
Y i s the s o i l d e nsity which i s taken as being independent of depth 
u_^  i s the de-coupled displacement a t Lhe crown o f the parabola 
E i s the deformation modulus. 
Combining the equations, 
u = Y R 2 ( c c s e c P + c o t f l ) 2 
1 2Etan 0 
ThusjU^ defines the boundary o f the r u p t u r e zone, t h a t i s , the boundary 
d e l i m i t i n g those shear stresses which exceed the shear s t r e n g t h o f the mass. 
A 4 
8 4 * n c g ^ t ce>ta> 
t + h 
to-rt 
2 
2r 
FIG A 1 2 
Transverse prof i le and 
subsidence due t o p ressure 
arch genera t ion above a 
cav i ty 
( a f t e r K SZECHY , 1970 ) 
A . 5 
Beyond thxs p a r a b o l i c area, the deformations r e s u l t from shear 
stresses t h a t are less than the shear s t r e n g t h of t h e mass. SZECHY, op c i t 
suggests t h a t f o r a cohesionless m a t e r i a l , the deformation zone above the 
de-coupled arch w i l l be de-lxmited by the surface r i s i n g a t an angle 0 degrees 
from the h o r i z o n t a l . The argument i s t h a t the i n t e r s e c t i o n of these surfaces 
w i t h the ground surface f i x e s the f u l l extent of the subsidence trough. But 
i t must be appreciated t h a t t h i s form o± a n a l y s i s i s r a t h e r s p e c i f i c w i t h 
respect t o the p a r t i c u l a r geology associated w i t h the Metro c o n s t r u c t i o n i n 
Budapest. 
A 6 
APPENDIX 2 
RELATIONSHIP BETWEEN THE SHEAR STRENGTH AND DEPTH OF A SOIL WITH A LINEAR 
MOHR ENVELOPE 
For a s o i l w i t h a l i n e a r Mohr envelope, shear s t r e n g t h increases l i n e a r l y 
w i t h depth from the ground surface, ( a f t e r SZECHY,1970). 
( O i . C52)/l 
— — — °1 + °2 a = OD = OC - DC = — — -
a = a ( 1 - s m 0 ) + ^ 1 + s:Ln-J?) 
°1 - ° 2 s m 0 
i f a = c 2 1 
1 - s m 0 
1 - s m 0 
then a = cr^ ( 1 - s m 0 ) 
but given t h a t a =y z 
Thus, from equations if.2.if. and if.2.5- i t f o l l o w s t h a t . 
o =yz (1 - s x n 0 ) 
and f i n a l l y , 
T = C + t a n 0 V z (1 - s m 0 ) 
. . ( A .2.1.) 
. . (A.2.2.) 
. . ( A .2.3-) 
. . (A.2 . i f . ) 
. . ( A .2.5-) 
(A.2.6.) 
(A.2.7.) 
This r e l a t i o n s h i p i n d i c a t e s t h a t shear s t r e n g t h i s a l i n e a r f u n c t i o n o f depth. 
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